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A B S T R A C T   

Hydrogen-based energy systems offer potential solutions for replacing fossil fuels in the future. However, the 
practical utilization of hydrogen energy depends partly on safe and efficient hydrogen storage techniques. The 
development of hydrogen storage materials has attracted extensive interest for decades. Solid-state hydrogen 
storage systems based on metal hydride materials provide great promises for many applications. Recently, in
terest has been revived in TiFe alloys as a prime candidate for stationary hydrogen storage material. The ad
vantages of TiFe alloys over some of the other solid metal hydrides include that it can hydrogenate and 
dehydrogenate at near room temperature under near atmospheric pressures and that it is a low-cost material 
because there are abundant supplies of Fe and Ti on the earth’s crust. However, the TiFe alloy must be activated 
at relatively high temperatures (400–450 ◦C) and high pressure of hydrogen (65 bar) before it can be hydro
genated, which is a hindrance to the industrial-scale application of TiFe alloys. The materials science community 
on hydrogen storage materials has conducted and reported considerable amounts of studies on TiFe-based alloys. 
In this work, we provided a comprehensive review of TiFe-based alloys. The fundamentals and synthesis ap
proaches of TiFe-based alloys were summarized. The activation properties of TiFe-based alloys including the 
understanding of the activation mechanisms and the methods for improving the activation kinetics were 
reviewed. Moreover, the cycle stability and anti-poisoning ability were discussed. Finally, the potential appli
cations and the perspective of TiFe-based alloys were introduced.   

1. Introduction 

Hydrogen, as the most abundant element in nature, has the highest 
energy density by weight. Hydrogen is considered an ideal candidate for 
renewable energy carriers due to its ability to store and utilize energy in 
environmentally benign forms [1–4]. The concept of the hydrogen 
economy visioned the infrastructure that replaced fossil fuels with 
hydrogen to support the energy demands of society [5–7]. However, 
there are significant technological challenges that must be overcome 
before hydrogen-based energy systems can become a major contributor 
to the world’s overall energy supply chain. One of the critical challenges 
is the methods for hydrogen storage. It is necessary to develop a reliable, 
low cost and efficient hydrogen storage system for moving towards an 
energy economy based on hydrogen. 

To date, numerous hydrogen storage systems and techniques have 
been proposed for mobile and stationary hydrogen applications 
including the physical storage and material-based storage of hydrogen 
[7–9]. Physical storage methods of hydrogen include high-pressure 
compressed gas, cryogenic compressed gas, and liquid-state hydrogen 
storage [10]. Compressed gas or liquid hydrogen has the advantage of 
high gravimetric storage capacity. However, the physical storage 
methods usually involve considerable energy penalties due to the 
energy-consuming process of gaseous compression or liquefaction [11]. 
The compressed hydrogen storage consumes ~10% of energy. The en
ergy consumption of liquid hydrogen storage can be up to 40% due to 
the liquefication at a relatively low temperature (− 253 ◦C) [12,13]. 
Material-based hydrogen storage methods include physisorption adsor
bents such as nano-porous carbon [14,15], metal-organic frameworks 
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(MOFs) [16,17], and covalent-organic frameworks (COFs) [18,19]. The 
physisorption of hydrogen molecules relies on weak van der Waals 
forces, and thus low temperatures (− 196 ◦C) and high pressures are 
generally required for significant adsorption [20]. Despite these phys
isorption adsorbents store hydrogen reversibly with rapid kinetics, low 
gravimetric capacity and the requirement of the cryogen conditions 
impede its practical application [11]. Metal oxides and mixed metal 
oxides with unique nanostructures also have been investigated as host 
physisorption materials for hydrogen storage, such as SnO2 porous mi
crospheres and NiAl2O4/NiO nanocomposites [21–24]. Although metal 
oxides and mixed metal oxides can be potentially utilized as a host 
material for hydrogen storage, these kinds of materials still suffer from 
the shortcomings in homogeneous nucleation, production cost, appro
priate surface area and high catalytic activity [22]. Another form of 
material-based hydrogen storage is chemisorption, hydrogen molecules 
are split into atoms and hydrogen atoms react with solids to form hy
drides [11,13]. The hydrides for hydrogen storage including metal/alloy 
hydrides such as MgH2 [25,26], VH2 [27,28], TiFeH2 [29–31], and 
LaNi5H6 [32,33], complex metal hydrides such as NaAlH4 [34], LiAlH4 
[35], LiBH4 [36], and chemical hydrides such as ammonia (NH3), 
ammonia borane (NH3BH3), methanol (CH3OH), and DME (CH3OCH3) 
[37,38]. The complex hydrides suffer from the poor reversibility and 
complexity of hydrogen sorption reactions, and the potential applica
tions of chemical hydrides were also hindered by high decomposition 
energy barrier or deactivation of catalysts [11,39]. 

Among current hydrogen storage systems, solid-state hydrogen 
storage systems based on metal/alloy hydrides have advantages with 
respect to their high volumetric hydrogen storage capacity and safety 
[40]. The volumetric capacity of compressed hydrogen and liquid 
hydrogen is 40 g/L (at 70 MPa) and 71 g/L, respectively [41,42]. For 
complex hydrides, the volumetric capacity is ~70–150 g H2/L, and for 
interstitial hydrides, the volumetric density could be up to ~100–150 g 
H2/L [41,42]. In metal/alloy hydrides, hydrogen molecules bond into 
metal under moderate pressures, usually between 3 and 30 bar [11]. The 
considerably lower operation pressure leads to a safer hydrogen storage 
system [43]. However, lightweight metal hydrides with relatively high 
gravimetric hydrogen storage capacity either have high desorption 
temperatures, slow kinetics, or poor reversibility, such as LiH, MgH2, 
and AlH3. For instance, the desorption temperatures of LiH and MgH2 
are ~720 ◦C and ~330 ◦C, respectively [44]. And hydrogen storage by 
AlH3 is not reversible, the direct hydrogen requires over 103 MPa at 
room temperature [45]. Therefore, metal hydrides that can reversibly 
store hydrogen at ambient conditions are more practical for stationary 
hydrogen storage. Table 1 summarizes different types of alloys that can 
reversibly store hydrogen at ambient temperature. These room- 
temperature hydrogen storage alloys typically have low reversible 
hydrogen capacities of ~2 wt%, which limits their potential for use in 
vehicle onboard hydrogen storage applications. However, due to their 
high volumetric density of hydrogen (>100 kg⋅H2/m3), they are prom
ising candidates for stationary storage applications. The room- 
temperature hydrogen storage alloys are usually intermetallic com
pounds with the general formula of AnBm, where A is a high temperature 
hydride forming element, B is a non-hydride forming element, n and m 
are positive integer [46]. These intermetallics usually consist or partly 
consist of transition metals, and thus hydrogen-metal bonding and 

electronic conductivity exhibits a metallic character [30,47]. The ther
modynamics of intermetallic hydrides formed by intermetallic generally 
follow the well-known Miedema’s rule, i.e., the more stable an inter
metallic compound is, the less stable the corresponding hydride and vice 
versa [48,49]. The combination of A and B site elements with certain 
stoichiometric enable the intermediate thermodynamics of intermetallic 
hydrides, such as AB, AB2, AB3 and AB5 alloys [46]. The most extensive 
studied AB-type alloy is TiFe, where Ti is strong hydride forming 
element, and Fe is non-hydride forming elements. A number of AB2 and 
AB5-type room-temperature hydrogen storage alloys, such as TiMn2, 
TiCr2, and LaNi5 are already used in submarine hydrogen tanks [50], 
fuel cell forklifts [51,52], and electrodes of nickel-metal hydride (Ni- 
MH) rechargeable batteries [53]. 

For stationary hydrogen storage applications, some room- 
temperature hydrogen storage alloys show great promise as part of 
either a thermal storage cycle or an electrolyzer-fuel cell cycle [50,59]. 
Typical examples of commonly known intermetallic compounds for 
stationary hydrogen storage are shown in Fig. 1 [59]. Alloys such as 
MmNi5, TiFe, LaNi5, TiMn1.5, and alloys of similar composition are of 
interest for stationary applications, owing to their favorable thermo
dynamic properties [59]. 

As one of the prime candidates for stationary hydrogen storage 
application, TiFe, which was first developed at Brookhaven National 
Laboratory by Reilly et al. in 1974 [54], has recently regained the in
terest of the materials science community and industry [30,31,60]. It 
has the advantages of a high volumetric density (105 kgH2

/m3) and low 

Table 1 
The experimental hydrogen storage properties of room-temperature hydrogen storage alloys.  

Type Alloy composition Maximum capacity (wt 
%) 

Desorption enthalpy (kJ/ 
mol⋅H2

− 1) 
Desorption plateau pressure (atm), temperature 
(◦C) 

Reference 

AB5 LaNi5  1.5 28.3 8.5, 70 [45] 
AB TiFe  1.9 28.1 5.2, 30 [54] 
AB2 TiMn1.5  1.9 28.7 8.4, 25 [55] 
AB3 CaNi3  1.8 35.02 0.4, 20 [56] 
BCC solid solution V0.48Fe0.12Ti0.15Cr0.25  2.0 30.1 7.93, 22 [57] 
High entropy alloy TiZrCrMnFeNi  1.7 – ~1, 30 [58]  

Fig. 1. Van’t Hoff plots of decomposition plateau of common intermetallic 
hydrides with the estimated targets for stationary application (Reproduced with 
permission from ref. [59], Copyright © 2021 Modi and Aguey-Zinsou). 
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cost [30]. However, the requirement for activation at high temperatures 
(400–450 ◦C) and high pressure of hydrogen (65 bar) is a significant 
hindrance to its industrial-scale applications. Therefore, the vast ma
jority of research has focused on understanding the activation mecha
nisms and finding ways to make it easier for activation. 

The previous reviews by Sujan et al. [29], Dematteis et al. [30] and 
Zhang et al. [31] reviewed microstructure, hydrogenation properties, 
substitutional effects and modified treatments of TiFe-based alloys. In 
this review, we aim to provide a comprehensive understanding of 
hydrogen storage behavior and the recent developments of TiFe-based 
alloys. Firstly, the fundamentals of TiFe-based alloys were introduced. 
Secondly, the processes for the synthesis of TiFe alloys were reviewed. 
Then, we focused on the activation properties of TiFe-based alloys 
including the understanding of the mechanisms of the activation and the 
methods for improving the activation kinetics. Next, we summarized the 
cycle stability, anti-poisoning ability, and the potential applications of 
TiFe for stationary energy storage and even for transportation vehicles. 
Finally, the perspective of the TiFe in hydrogen storage areas was 
discussed. 

2. Fundamentals of TiFe alloys 

2.1. TiFe and its hydrides 

The binary Fe–Ti phase diagram is shown in Fig. 2(a). It shows there 
are two stable intermetallic compounds, TiFe and TiFe2. On the Ti-rich 
side, two phases are present: α-Ti and β-Ti with a maximum solubility 
of 21 at.% Fe. The single-phase region of TiFe is narrow, and the 
broadest is at the eutectic temperature of 1085 ◦C, with Ti content 
ranging from 49.7 to 52.5 at.%. Based on the Fe–Ti phase diagram 
(Fig. 2(a)), TiFe can be obtained during the cooling of the melt through 
the liquid + TiFe2 → TiFe peritectic reaction at 1317 ◦C. TiFe can 
reversibly ab/desorb hydrogen at room temperature after activation 
treatment. However, TiFe2 does not react with hydrogen [54]. 

TiFe crystallizes in a cubic CsCl-type (B2, space group Pm-3m) 
structure. Within the narrow single-phase composition range, the lattice 
parameters of TiFe extend from 2.972 to 2.978 Å depending on the Ti 
content (49.7–52.5 at.%) [61–64]. Generally, TiFe is a body-centered- 

cubic (bcc) cell with one formula unit per unit cell. Ti atoms reside in 
the center of the cube cell and Fe atoms are shared in the corner of the 
cell. Each cell contains 12 tetrahedral and 6 octahedral interstices [65]. 
However, contrary to bcc, the TiFe crystal system also has different 
kinds of configurations with two distinct cubic sublattices, the atoms are 
located at 1a sites (0,0,0), and 1b sites (0.5,0.5,0.5) [66]. H-atoms 
preferably occupy the interstitial octahedral sites rather than the tetra
hedral sites. The octahedral interstices of the TiFe compound have two 
different configurations distinguished by surrounding atoms, i.e., 
[Ti4Fe2] and [Ti2Fe4] [65,67]. H-atoms prefer the [Ti4Fe2] site, which 
is associated with a smaller volume expansion [68]. 

The hydrogenation of TiFe results in the formation of one TiFe-H 
solid solution and two ternary hydrides: TiFeH0.1, (α-phase, solid solu
tion), TiFeH1.04 (β-phase, hydride), and TiFeH1.95 (γ-phase, hydride). 
The reactions which take place stepwise can be expressed as follows 
[69]: 

TiFeH0.1 +H2⇌TiFeH1.04 (1)  

TiFeH1.04 +H2⇌TiFeH1.95 (2) 

TiFeH1.04 has an orthorhombic structure with a P2221 space group, 
and TiFeH1.95 has an orthorhombic structure with a Cmmm space group, 
as displayed in Fig. 2(b). The TiFeH1.04 hydride corresponds to a 
structure where hydrogen atoms occupy the more stable octahedral sites 
[Ti4Fe2] of the TiFe compound. The TiFeH1.95 hydride corresponds to a 
structure where hydrogen atoms occupy both kinds of octahedral sites, 
[Ti4Fe2] and [Ti2Fe4] [65,67,70]. TiFeH1.04 and TiFeH1.95 are gray 
metal-like solids with essentially the same appearance as the initial TiFe 
alloy [68]. These hydride phases are very brittle and easily degrade 
when exposed to air. 

2.2. Thermodynamics 

As demonstrated in Fig. 3, two distinct hydrides (TiFeH1.04 and 
TiFeH1.95) result in two separate plateaus. The Pressure-Composition- 
Temperature (PCT) isotherm of the TiFe-H system was first obtained 
by Reilly et al. [54], as shown in Fig. 3. The first plateau of the PCT curve 
was attributed to the formation of β-phase TiFeH1.04. The second 

Fig. 2. (a) Phase diagram of binary Ti–Fe system, the phase stability domains according to Ti atomic percentage. (Reprinted with permission from ref. [71]. 
Copyright 2022 Elsevier). (b) Crystal structures of TiFe, TiFe-H1.04, and TiFe-H1.95. 
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plateau, which has a significant slope, was ascribed to the formation of 
γ-phase TiFeH1.95. The occurrence of a double plateau implies a larger 
pressure range for the usage of TiFe in practical applications, and since 
the second plateau is found at relatively high pressure, it complicates the 
engineering of the hydrogen storage system. 

Using the PCT results at different temperatures, and plotting the 
logarithm of the equilibrium pressures obtained against inverse tem
perature, the thermodynamics parameters can be derived by the van’t 
Hoff equation: 

ln
(
Peq

)
=

ΔH
RT

−
ΔS
R

(3)  

where Peq is the equilibrium pressure; R is the gas constant, R = 8.314 J/ 
(mol⋅K); T is the experimental temperature; ΔH is the hydrogen sorption 
enthalpy; and ΔS is the hydrogen sorption entropy. ΔH is a measure of 
the bonding strength between hydrogen and metal atoms, it can vary 
over wide limits [65]. ΔS is rather constant, associated with the change 
from gaseous to solid hydrogen [65]. Reilly et al. [54] reported that the 
desorption enthalpy and entropy determined by the first plateaus are 
28.1 kJ/(mol⋅H2) and 106 J/(mol⋅K) respectively. Table 2 summarizes 
the hydrogen storage properties and thermodynamic parameters of TiFe. 

The PCT of TiFe alloy (Fig. 3) also exhibits a significant hysteresis 
between hydrogen absorption and desorption cycles. The hydrogen ab/ 
desorption equilibrium pressure difference also has a negative effect on 
the applications of TiFe alloys. This undesirable hysteresis can be 
slightly mitigated with the increase of hydrogen sorption cycles [72], 
but it cannot be eliminated. Goodell et al. [72] believed that this phe
nomenon may due to initial particle decrepitation prior to the formation 
of a relatively stable particle size, lattice strain and/or kinetic effects. It 
is worth noting that the addition of alloying elements (such as Mn, V, Cr, 
Co, Ni, etc.) could reduce the hysteresis effects [73–75]. Dermatitis et al. 

[73] found that the hysteresis effects of Mn doped TiFe alloy may related 
with the difference in cell parameter. The hysteresis of TiFe-Mn alloy 
decreases with the enlargement of the TiFe cell parameters [73]. 

The thermodynamics of TiFe alloys could vary depending on the 
composition including oxygen content and microstructures due to 
different methods of synthesis and treatment. The thermodynamics of 
TiFe can also be tailored by alloying with the third element or multi- 
elements to optimize the operational pressure for matching versatile 
practical applications. However, most of the alloying will result in an 
increase in hydrogen sorption enthalpy values of TiFe, which implies 
more stable hydrides [30]. More recently, Fadonougbo et al. [81] 
investigated the effect of elemental substitution on the lattice contrac
tion/expansion of TiFe1-xMx alloys and subsequent monohydride 
decomposition energy using first-principles density functional (DFT) 
theory calculation with Al, Be, Co, Cr, Cu, Mn, and Ni as substitutional 
elements for Fe sites. A linear relationship between monohydride for
mation energy/enthalpy and plateau pressure was proposed (Fig. 4) 
[81].The thermodynamic variation by alloying of TiFe is reported to be 
associated with the lattice parameters. Based on Lundin’s geometric 
model, larger radii of tetrahedral holes correlate to higher stability of 
their hydrides [77]. There is evidence of a linear relationship between 
the logarithm of the plateau pressure and the volume of the unit cell or 
interstitial sites of the TiFe-based alloy [78–80]. 

2.3. Activation behavior and mechanisms 

When hydrogen is initially applied to TiFe, the hydrogenation re
action usually does not occur immediately, which can be attributed to 
the oxide film barrier present on the air-exposed surfaces. To overcome 
this issue, a process called activation is utilized, which involves applying 
significantly higher than equilibrium H2 pressure to force the metal to 
hydride for the first time. Activation is an important consideration for 
many metal hydrides used in hydrogen storage [65]. Some of high en
tropy hydrogen storage alloys can be easily activated at room temper
ature without thermal treatment, such as TixZr2-xCrMnFeNi (x =
0.4–1.6) and TiZrNbFeNi alloys [83,84]. For rare-earth-containing AB5 
and Mn-containing AB2 intermetallic compounds, the incubation time 
could vary from seconds to days before the first hydrogen absorption 
begins at room temperature [65]. However, the activation of TiFe re
quires high temperatures and high pressure of hydrogen. An activation 
treatment at 400–450 ◦C and 65 bar of hydrogen was necessary for 
triggering the full hydrogen ab/desorption of TiFe alloys at room tem
perature [54]. Besides the harsh requirements for activation, TiFe alloys 
are easily deactivated by water vapor and oxygen contamination during 
material handling and processing [85–89]. Therefore, understanding the 
activation behavior and mechanisms of TiFe-based systems is crucial for 
their practical application. 

TiFe is prone to oxidation due to its high affinity to oxygen. Extensive 
studies reported that the surface oxide layer hinders hydrogen 

Fig. 3. The PCT isotherm for the TiFe-H system at 40 ◦C. (Reproduced with 
permission from ref. [54]. Copyright 1974 American Chemical Society). 

Table 2 
Experimental hydrogen storage properties and thermodynamic parameters of 
TiFe.   

Values [30,54,76] 

Hydrogen storage capacity 
Gravimetric capacity, wt%  1.9 
Volumetric capacity, kgH2

/m3  105  

Energy density 
Gravimetric energy density, MJ/kg  2.3 
Gravimetric energy density, MJ/dm3  12.6  

Thermodynamic parameters 
1st desorption plateau pressure at 30 ◦C, bar  5.2 
Hydride desorption enthalpy, kJ/(mol⋅H2)  28.1 
Hydride desorption entropy, J/(mol⋅K)  106  
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penetration and interaction with TiFe, and thus high activation tem
perature becomes necessary [54,90–93]. Sandrock et al. [94] found that 
the thin oxygen-rich film of the air-exposed TiFe alloy is roughly 20–30 
nm. The composition of the surface passivating layer is considered to be 
Ti7Fe5O2,as identified by Matsumoto et al. [95]. However, Pande et al. 
[96] suggested that the composition of the oxygen-rich layer on the 
surface is Ti3Fe3O. And they believed the Ti3Fe3O impedes the hydrogen 
reaction with TiFe at the surface, due to Ti3Fe3O is not able to absorb 
hydrogen. In contrast, Schober et al. [91,107] reported that the surface 
of TiFe is composed of rutile TiO2, ordered suboxide FeTiOx and TiFe2. 
Recently, Park et al. [97] reported that an amorphous thin oxide film 
(~6 nm) covered the surface of as-cast TiFe, as demonstrated by TEM 
results in Fig. 5(a), (b), and (c). The XPS surface depth profile of as-cast 
TiFe (Fig. 5(d)) confirmed the existence of the oxide layer which is 
composed of complex Ti–Fe-oxide. The discrepancies in the reported 
surface compositions were attributed to the oxygen impurities content of 
raw materials, synthesis atmosphere, and heat treatment atmosphere 
[98]. 

Although numerous efforts have been made to comprehend the 

fundamental principles that underlies the activation behavior. The 
proposed activation processes include chemical reduction by hydrogen, 
surface segregation induced by high temperature, surface oxides disso
lution into the bulk, catalytic effects by surface Fe clusters, hydrogen 
pathway through ternary TiFe oxides of the surface, and lower fracture 
toughness by secondary phases. Among these, surface segregation of 
TiFe is the most extensively reported explanation of activation behavior. 
Surface segregation was first proposed to explain the superior activation 
properties of LaNi5 [99]. La diffuses to the surface and oxidizes, while 
metallic Ni precipitates remain and catalyze the dissociation of molec
ular hydrogen, thus enabling the LaNi5 to be easily activated at room 
temperature [99,100]. However, the surface segregation of TiFe only 
occurred at high temperatures [90,101,102]. During the activation at 
high temperatures under the hydrogen atmosphere, the surface segre
gation and chemical reduction result in the conversion of initially 
passivating surface oxide into a mixture of TiO2 and Fe [92,103]. The 
clean sub-surfaces and Fe precipitates served as active sites for the 
activation of TiFe alloys [92,103]. And the presence of oxygen promotes 
surface segregation [104], and surface segregation may help the oxide 

Fig. 4. The correlation between the experimentally measured desorption plateau pressure (at 50 ◦C) and dehydrogenation enthalpy of single-element alloyed TiFe 
(Reprinted with permission from ref. [81]. Copyright 2022 Elsevier). 

Fig. 5. Structural and surface characterization of the as-cast TiFe alloy: (a) cross-sectional transmission electron microscopy (TEM), (b) selected area diffraction 
patterns (SADPs) of thin surface oxide film, (c) SADPs of the TiFe bulk, and (d) X-ray photoelectron spectroscopy (XPS) depth profile (Reproduced with permission 
from [97], published by MDPI, 2022). 
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layer transform to the Ti4Fe2O-phase, which is known to absorb 
hydrogen, thereby overcoming the barrier at the surface [96,98]. 

Surface Fe precipitate was believed to be the crucial component for 
activation, but its catalytic effect is controversial. Surface Fe clusters in 
the metallic state generated by surface segregation and chemical 
reduction are believed to be active sites, which promote the dissociation 
of the hydrogen molecule. Blasius et al. [102] confirmed that the 
hydrogen activation process causes the formation of Fe clusters in the 
vicinity of the surface by Mossbauer studies. Recently, Edalati et al. 
[105] detected Fe-rich clusters on the TiFe surfaces and claimed that Fe- 
rich clusters can act as catalysts and thus facilitate activation. In 
contrast, Fruchart et al. [106] believed that the catalytic role of surface 
Fe precipitates is questioned, due to Fe dissolving hydrogen poorly and 
its catalytic properties are not remarkable. 

Besides surface segregation and chemical reduction, surface oxide 
dissolution has proposed as one of the explanations for the activation of 
TiFe alloys. Schober et al. [107] believed that the surface oxide of TiFe 
dissolves into the subsurface layer at high temperatures. Yang et al. 
[108] observed the surface Ti oxide dissolved into the TiFe matrix by 
XPS. The oxygen dissolution is believed to occurred only at high tem
peratures under hydrogen pressure [108]. 

The secondary oxide phase of TiFe alloy is also correlates with the 
activation behavior. Ternary Ti-Fe-O oxides are always present in the 
TiFe-based alloys, due to the oxygen impurities of raw materials and 
oxygen uptake during the synthesis process. A typical example of sec
ondary oxygen-containing phases of TiFe alloys is Ti4Fe2Ox [109,110]. 
Ti4Fe2Ox can absorb hydrogen at room temperature without thermal 
treatment [111]. Rupp et al. [111] reported that bulk Ti4Fe2O0.4 reacted 
easily with hydrogen at 298 K under hydrogen at 4 MPa. It is believed 
that Ti4Fe2Ox formed in the TiFe alloy acts as an activation promotor 
[106,112]. Venkert et al. [112] assumed that hydrogen penetrates 
through the surface Ti4Fe2Ox into the bulk TiFe and enabled the 
activation. 

The activation of TiFe alloy is also attributed to the lower fracture 
toughness of the alloy particle influenced by secondary phases. Sandrock 
et al. [94] found that oxygen promotes the formation of Fe3-xTi3-xOy, 
TiFe2, and α-Ti or β-Ti secondary phases in the TiFe alloy. These sec
ondary phases could facilitate the pulverization and provide preferential 
nucleation sites during hydriding and thus help activation [94]. 
Schlapbach et al. [92] believed the secondary phase lowers the fracture 
toughness and favors the disintegration that shortens the hydrogen 
diffusion path. 

Despite a great number of studies providing observations and as
sumptions about the activation behavior of TiFe alloy, the mystery of the 
activation mechanisms is still unsolved. The surface evolution and the 
hydrogen-alloy interaction during the activation processes are not well 
understood yet. More insightful research is still needed to reveal the 
universal rules of the activation behavior and mechanisms of TiFe alloys. 

Extensive studies reported that the activation properties of TiFe al
loys can be greatly improved by alloying with the third or multi- 
elements, adjusting Ti/Fe ratios, mechanical processes, and surface 
modification. The composition manipulating and mechanochemistry 
methods enabled the activation of TiFe-based alloys at room tempera
ture [30,113]. The alloying method refers to the activation of TiFe alloys 
by addition with third or multi-elements, including transition metals, 
alkaline earth metals, rare-earth metals, p-block elements, and reactive 
non-metal elements [30]. Alternatively, adjusting the Ti/Fe atomic ratio 
of TiFe-based alloy is also effective in improving activation kinetics 
[114,115]. The surface modification including ion implantation [116] 
and catalytic layer deposition [117] also reported as the solutions for 
promoting the activation properties of TiFe alloys. There are also 
numerous attempts on improving the performance of TiFe by subjecting 
it to thermal or cold mechanical processing, although there is a lack of 
understanding of the effects of mechanical processing on the micro
structure or compositions. The mechanical methods include cold 
pressing [118], high-energy ball milling [119,120], HPT [121], and cold 

rolling [122]. 

3. Synthesis methods 

The hydrogen storage performance of TiFe alloy is strongly corre
lated with the microstructure, which is usually affected by synthesis 
methods. Most of the research on TiFe-based alloys is focused on the 
improvement of hydrogenation characteristics, especially activation 
properties. However, the development of cost-effective fabrication 
routes on the industrial scale is also considered critical for the practical 
application and commercialization of TiFe-based alloys. In general, 
traditional high-temperature melting of metallic elements under a 
controlled inert atmosphere with prolonged homogenization treatment 
is applied to fabricate TiFe alloys. The predominant traditional casting 
methods are time- and energy-intensive processes since they are usually 
melted at a high temperature for well-mixing. As a result, the emergence 
of novel and economical synthesis methods for TiFe-based alloys and 
their derivatives has become an increasingly exciting topic in recent 
decades [29,31,123]. Versatile techniques have been utilized to syn
thesize TiFe-based alloys, including mechanical alloying, combustion 
synthesis, electro-deoxidation, solid-state thermochemical reactions, 
physical vapor deposition, high-pressure torsion (HPT), and gas 
atomization. 

3.1. Casting 

Casting methods are generally used in TiFe-based hydrogen storage 
alloys involving arc melting and induction melting, among which, arc 
melting is a traditional method to prepare TiFe-based alloys. Reilly et al. 
[54] first introduced arc-melted TiFe alloy for hydrogen storage. Up to 
now, arc melting is still extensively employed for the preparation of 
TiFe-based alloys for hydrogen storage, due to the advantage of high 
scalability and ease of operation. Recently, Shang et al. [124] developed 
the method for synthesizing TiFe alloy from industrial scraps of iron 
(steels C45 and 316 L) and titanium (Ti alloy Grade 2), the as-melted 
alloys can absorb a maximum amount of hydrogen of 1.61 wt% and 
1.50 wt% at 50 ◦C and a pressure of 0 to 100 bar. Compared with arc 
melting, induction melting was mostly employed for the preparation of 
TiFe alloys with volatile elements (La, Mg, Y, Ni, Mn, etc.). Dematteis 
et al. [73] reported Ti-Fe-Mn ternary alloys by induction melting fol
lowed by annealing and quenching. The as-prepared TiFe0.85Mn0.05 
alloy obtained 1.73 wt% of hydrogen capacity, and it can be activated at 
25◦С under 2.5 MPa of hydrogen [73]. More recently, Barale et al. [125] 
investigated TiFe0.85Mn0.05 alloy for a hydrogen storage plant by in
duction melting. A 5 kg batch of alloy obtained a hydrogen storage ca
pacity is of 1.0 H2 wt% at 55 ◦C and the sorption properties maintained 
over 250 cycles [125]. Overall, casting is considered a convenient and 
mature method for the synthesis of TiFe-based alloys. 

3.2. Mechanical alloying 

Mechanical alloying is an efficient way to produce nanocrystalline 
TiFe alloy and to introduce interfaces and defects in materials [126], 
which are helpful for the initial hydrogenation kinetics. Zaluski et al. 
[127] discovered that the crystallization state of TiFe produced by ball 
milling is determined by the oxygen content. Higher oxygen content 
(higher than 2.9 at.%) leads to the formation of an amorphous alloy. 
Morris et al. [128] found that the mechanical alloying of TiFe alloy 
considerably facilitates the reaction with hydrogen. The mechanical 
alloyed TiFe can be activated at thermal cycling up to 300 ◦C in the 
hydrogen atmosphere [128]. Nanocrystalline TiFe showed enhanced 
absorption and desorption kinetics, even at relatively low temperatures 
[128]. The improvement in activation by mechanical alloying is 
believed to be attributed to the availability of well-established diffusion 
paths for hydrogen atoms and hydrogen atoms preferentially dissolving 
into the inter-grain region [129]. 
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Despite the mechanical alloyed TiFe alloys can be activated at lower 
temperatures and even without the hydrogen, it may also result in 
amorphization of the compound and disappearance of the plateau at 
pressure-composition isotherms, which significantly reduce the 
hydrogen storage capacity [127,130]. Therefore, the post heat treatment 
of ball-milled TiFe had been developed for the recrystallization of 
amorphous TiFe to restore the initial material hydrogenation ability. 
Abe et al. [131] found that the 10 h and 40 h milled TiFe alloys can 
absorb hydrogen readily after heat treatment at 300 ◦C for 3 h. Hotta 
et al. [132] reported that 20 h ball-milled TiFe alloy exhibited a 
maximum hydrogen capacity of 1.3 wt% at 25 ◦C, after heat treatment at 
300 ◦C in the vacuum and 15 MPa in a hydrogen atmosphere five times 
repeatedly. Zadorozhnyy et al. [133] discovered that the ball milling 
synthesized TiFe alloy has a room temperature hydrogen capacity of 
about 1.4 wt%. The activation of the alloy is completed by vacuum 
degassing the alloy and heating under hydrogen at a pressure of 1 MPa 
and a temperature of 400 ◦С for 30 min [133]. Generally, the mechan
ical alloyed TiFe still requires thermal activation cycles at hydrogen 
pressure or vacuum for the first absorption. 

Moreover, the yield of mechanical alloying of TiFe alloy is also a 
significant concern, due to the welding of the powders to the milling 
media. Abe et al. [131] utilized 5 h mechanical alloying because the 
collection efficiency of sample powder is relatively good (over 85%). 
Falcao et al. [134] performed the mechanical alloying of TiFe using 
different organic Process Control Agents (PCAs), such as ethanol, stearic 
acid, low-density polyethylene, benzene, and cyclohexane. Cold welding 
can be controlled by the addition of PCAs (10 wt% or over) and 
replacing Ti with fragile TiH2, the as-produced TiFe exhibit yields 
ranging from 90–95 wt% [134]. After post-heating milled samples at 
873 K under vacuum, the alloy exhibited a maximum hydrogen capacity 
of 0.94 wt% at room temperature [134]. More recently, Vega et al. [135] 
propose a method by using a pre-milled vessel with stearic acid as PCAs. 
Nanocrystalline TiFe was synthesized in this way with low oxygen 
contamination, and full yields for milling time of 6 h or longer, requiring 
no heat treatments for the first hydrogen absorption [135]. The 
hydrogen storage capacity of 1.0 wt% at room temperature under 20 bar 
was attained by the sample milled for 6 h [135]. 

An alternative mechanical alloying method to produce TiFe alloy is 
HPT. The HPT process became popular not only for processing but also 
for synthesizing various kinds of hydrogen storage materials [136]. 
Recently, López-Gómez et al. [137] reported nanostructured TiFe syn
thesized by mechanical alloying via HPT. After activation treatment by a 
single-cycle evacuation at 673 K for 2 h, the as-synthesized TiFe could 
absorb hydrogen of ~1.4 wt% at room temperature [137]. Nonetheless, 
research regarding the synthesis of TiFe alloy by HPT is still rare. 

3.3. Chemical synthesis from ore or mixed oxides 

To minimize the energy consumption and avoid using pure metallic 
Ti, the combustion synthesis, electro-deoxidation, and chemical syn
thesis were also developed based on using Ti oxide (TiO2), TiFeO3, 
ilmenite, or even Fe(NO3)2⋅6H2O. 

Combustion synthesis is one of the techniques that has attracted 
considerable attention. In 2005, Wu et al. [138] proposed the combus
tion synthesis of TiF powder and the magnesiothermic reduction of 
ilmenite. After leaching by hydrochloric acid, the product is composed 
of TiFe, TiFe2, and a few other intermediate phases [138]. Later, Tsu
chiya et al. [139] developed the combustion synthesis of a TiFe-based 
hydrogen storage alloy from Fe and TiO2 using metallic calcium as the 
reducing agent and heat source. The TiFe powders produced by com
bustion synthesis exhibit around 8 mm in size and 1.39 wt% of hydrogen 
storage capacity at 298 K [139]. More recently, Deguchi et al. [140] 
produced TiFe alloy through combustion synthesis by utilizing the 
magnesiothermic reduction reaction. The TiFe synthesized in a pres
surized hydrogen atmosphere exhibited 1.06 wt% of hydrogen capac
ities and flat plateaus. Wakabayashi et al. [141,142] synthesized various 

types of TiFe-based alloys by self-ignition combustion synthesis (SICS) 
using Fe and Ti fine powders. In this method, well-mixed raw materials 
in the desired molar ratio were uniformly heated up to the ignition point 
in a pressurized hydrogen atmosphere, the product was synthesized with 
the help of the exothermic reaction of titanium hydrogenation 
[141,142]. Saita et al. [143] produced α-hydride of TiFe using Ti as a 
heat supply by hydriding combustion synthesis (HSC). After activation 
treatment by evacuating the product and charging hydrogen on the 
product at a temperature of 400 ◦C, the product stored hydrogen of 1.7 
wt% at 25 ◦C [143]. 

Electro deoxidation can be applied for the extraction of Ti and also 
can be utilized for the synthesis of TiFe alloy. In 2006, Ma et al. [144] 
first introduced a direct electroextraction method of TiFe0.4Ni0.6 alloy 
powder from ilmenite with 0.85H/M of capacity at 25 ◦C. Tan et al. 
[145] synthesized TiFe from Fe2O3 and TiO2 mixed and sintered oxide 
precursors. The electrolysis process yields TiFe, as well as Fe2TiO5 and 
TiO2. Panigrahi et al. [146] explored the production of Fe–Ti alloy from 
mixed ilmenite and TiO2 by a direct electrochemical reduction in molten 
CaCl2. The mixed solid oxides were reduced to TiFe and TiFe2 com
posite. Shi et al. [147] successfully fabricated the TiFe by the electrolysis 
of ilmenite at 900 ◦C. They further claimed that the increase in tem
perature promotes the mutual diffusion process, and it is favorable for 
the formation of TiFe alloy [148,149]. Xiong et al. [150] investigated 
the preparation of TiFe from ilmenite by the electrochemical reduction 
in CaCl2-NaCl molten salt with CaO addition. It was found that 1 mol% 
CaO addition significantly improves the reduction rate of ilmenite 
[150]. Wang et al. [151] reported that TiFe alloy containing 16% β-Ti 
(Ti4Fe) can be prepared from the mixed titanium-containing waste slag 
and Fe2O3 by electrolysis. More recently, Padhee et al. [152] studied the 
electro-deoxidation process for producing TiFe from low-grade ilmenite. 
The electro-deoxidation of TiO2 and ilmenite mixed oxide pellet yielded 
a single-phase TiFe material [152]. 

Low temperature chemical synthesis is also proposed as a cost- 
effective method for the production of TiFe. Davids et al. [153] intro
duced the synthesis of TiFe–based alloy from mixed ilmenite and FeTiO3 
by a two-stage reduction using H2 and CaH2 as reducing agents. The as- 
prepared TiFe-based material achieved about 0.5 wt% of hydrogen ca
pacity, the low capacity is due to the high amount of residual oxygen 
present in the alloy [153]. Kobayashi et al. [154,155] reported the 
fabrication of nano-structured TiFe from Ti–Fe oxide precursors (TiO2 
and Fe(NO3)2⋅6H2O or commercial FeTiO3 bulk powder) using a CaH2 
reducing agent in molten LiCl at as low as 600 ◦C. The 44–65 nm TiFe 
nanoparticles were obtained by this method. The as-synthesized alloy 
achieves a hydrogen capacity of 0.67 wt% [155]. 

These methods are feasible ways for the fabrication of TiFe-based 
alloys. However, activation at elevated temperatures is still generally 
required for the as-produced alloys. Moreover, the hydrogen sorption 
capacities strongly depend on the depletion of the oxygen from the raw 
materials to the formation of the alloys. The higher the oxygen content, 
the lower the hydrogen sorption capacities. The oxygen control in the 
final product is critical in the chemical synthesis processes. 

3.4. Solid-state thermochemical reactions 

Solid-state thermochemical reaction is also another promising 
method for the synthesis of TiFe. The Ti–Fe system is described by a 
phase diagram with several eutectics and intermetallic compounds. 
Heating the mixtures of Ti and Fe powders at a temperature above a 
eutectic point may be accompanied by contact melting [156]. Kivalo 
et al. [156] introduced the solid powder reaction route for the synthesis 
of TiFe alloy. It was found that sintering at 1100 and 1200 ◦C results in 
the formation of TiFe, the oxygen-containing compound Ti4Fe2O, and a 
small amount of Fe, but almost no trace of Ti [156]. Moreover, the 
appearance of the liquid phase during sintering was detected at the 
above eutectic temperature of 1085 ◦C [157]. Kivalo et al. [158,159] 
also investigated the effect of Mn on sintering processes in the Ti–Fe 
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system. It was discovered that the TiFe phase containing no Mn was 
formed at higher heating rates of Ti-Fe-Mn compacts, however, the 
phase of TiFe alloyed with Mn was formed at lower heating rates 
[158,159]. Antonova et al. [160] introduced the hydrogen atmosphere 
for the annealing compacts from mixtures of Ti and Fe. During hydrogen 
sintering at 1180 ◦C, the TiFe phase with a very small amount of TiFe2 
secondary phase was formed [160]. 

3.5. Physical vapor deposition 

Physical vapor deposition (PVD) refers to those vacuum deposition 
processes in which the coating material is evaporated under vacuum by 
various mechanisms [161]. The PVD coating process is typically carried 
out between 100 and 600 ◦C, which is a unique production technique 
that can overcomes the limitations of melting processing [128,161]. For 
example, alloys that are impossible to produce by other techniques can 
readily be produced by PVD, including supersaturated compositions and 
ultra-fine microstructures [128]. Morris et al. [128] discovered that the 
TiFe alloy prepared by PVD with an electron beam was easier to be 
activated than commercial TiFe alloy. The as-synthesized alloy exhibi
ted 1.2 wt% of hydrogen capacity [128]. Besides using an electron beam 
for PVD, pulsed ion beam evaporation is also utilized in the preparation 
of TiFe alloy [162,163]. By using Ti-40 at.% Fe targets, and crystallized 
Ti–Fe thin films without secondary phases were successfully obtained 
[162,163]. However, when using Ti-50 at.% Fe targets, β-Ti and TiFe2 
were observed along with the TiFe main phase [162,163]. Recently, 
Razafindramanana et al. [164] employed magnetron sputtering to syn
thesize TiFe/Zr/Pd tri-layers. With a total power of 80 W, TiFe layer 
with CsCl structure was obtained, followed by a Zr layer, and topped 
with a Pd layer. It was believed that the Zr and Pd layer protects against 
oxidation and provides dissociation of molecular hydrogen [164]. 

3.6. Gas atomization 

Gas atomization is a promising synthesis process that can directly 
produce metallic powders at an industrial scale [165]. Alloys produced 
by gas atomization can achieve a cooling rate between 104 and 106 K/s, 
and thus enabled a fine microstructure [166,167]. For TiFe-based alloys, 
the fine secondary phase formation and its homogeneous distribution in 

the base TiFe matrix promote the hydrogen sorption kinetics [168]. 
Ulate-Kolitsky et al. [165] investigated the hydrogenation behavior of 
atomized TiFe-based alloys. In the gas-atomized powders, the TiFe- 
matrix was surrounded by finely distributed secondary phases. After 
activation by cold rolling for 1 and 5 passes, the TiFe+2 wt% Mn and 4 
wt% Zr alloy reached a capacity of 2.1 wt% at room temperature [165]. 
Park et al. [169] reported the hydrogenation properties of a 
TiFe0.85Cr0.15 alloy prepared by gas atomization. The as-synthesized 
TiFe0.85Cr0.15 alloy achieved 1.34 wt% of hydrogen capacity under 40 
bar H2 at 30◦С. More recently, Lee et al. [168] found that TiFe0.8Mn0.2 
alloy prepared by gas atomization exhibits better hydrogenation kinetics 
than melted and crushed alloy ingots. It was believed that the extremely 
high cooling rate involved in gas atomization induced microstructural 
refinement and promoted the formation of secondary phases [168]. 

3.7. Synthesis methods and hydrogen storage properties 

The characteristics and the effectiveness of different synthesis 
methods are compared in Table 3. Most of the fabrication methods of 
TiFe-based alloys still employ pure Ti and pure Fe as raw materials. 
However, for reducing the cost of the alloy preparation, there are also 
novel methods that utilize TiO2 as the source of the Ti of the alloys. In 
addition, most of the synthesis process are completed in the oxygen free 
atmosphere such as under argon or hydrogen, so as to avoid surface 
contamination of the alloy. Nonetheless, the binary TiFe alloy synthe
sized by different methods still generally require a high activation 
temperature above 300◦С. It is noted that the TiFe alloy fabricated by 
arc melting exhibits higher hydrogen capacity than the alloy that ob
tained by other techniques. Regardless of activation temperature, the 
best-performing material considering the hydrogen storage capacity is 
still the arc-melted material. 

4. Activation properties and strategies 

4.1. Effects of alloy compositions on activation properties 

4.1.1. Ti/Fe ratios 
Ti/Fe ratios greatly affected the activation behavior of TiFe-based 

alloys. Compared to the poor activation properties of TiFe, the initial 

Table 3 
The hydrogen storage properties of TiFe-based alloys prepared by different methods.  

Synthesis methods Alloy 
composition 

Raw materials Atmosphere Maximum H2 

capacity 
Desorption 
equilibrium pressure 
(bar), temperature 
(◦С) 

Activation 
Temperature 
(◦С) 

Ref 

Casting Arc melting TiFe Zone-refined Fe, Ti Argon 1.9 wt% 5.2, 30 400–450 [54] 
Induction melting TiFe Ti, Fe Argon 1.69 wt% 3.7, 25 400 [73] 

Mechanical 
alloying 

Ball milling TiFe Ti, Fe Argon 1.4 wt% 6, 22 400 [133] 
High-pressure torsion 
(HPT) 

TiFe Ti, Fe Air ~1.4 wt% – 400 [137] 

Chemical 
synthesis 

Combustion synthesis +
Magnesiothermic 
reduction 

TiFe TiO2, Fe, Mg Hydrogen 1.06 wt% ~1.5, 25 400 [140] 

Combustion synthesis +
Calciothermic reduction 

TiFe TiO2, Fe, Ca Argon 1.39 wt% ~4, 25 300 [139] 

Hydriding combustion 
synthesis (HCS) 

α-TiFeH0.06 Ti, Fe Hydrogen 1.7 wt% – 400 [143] 

Self-ignition combustion 
synthesis 

α-TiFeH0.06 Ti, Fe Hydrogen 1.55 wt% – 25 [142] 

Low temperature 
chemical synthesis 

TiFe Fe(NO3)2⋅6H2O, 
TiO2, CaH2, LiCl 

Hydrogen ~0.67 wt% – 400 [155] 

Solid-state thermochemical reactions TiFe TiH2, Fe Hydrogen 1.68 wt% 3.3, 23.5 450 [71] 
Physical Vapor 

Deposition 
Magnetron sputtering TiFe/Zr/Pd Ti, Fe, Zr, Pd Argon – – – [164] 

Gas atomization TiFe+2 wt% 
Mn + 4 wt% Zr 

Industrial grade Fe, 
Ti, Zr 702, 
electrolytic 
Mn 

Argon – – – [165]  
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hydrogen absorption of TiFe0.9 alloy can be easily achieved under 
moderate hydrogen pressures without the need for any thermal treat
ment. Lee et al. [115] found that the high Ti/Fe ratios of the of Ti1+xFe 
(0.1 ≤ x ≤ 0.5) alloys prompted the formation of β-Ti. The β-Ti hydro
genated before the hydrogen absorption of TiFe, and the large volume 
expansion of β-Ti during hydrogenation caused the cracking TiFe matrix. 
The fresh surfaces exposed by cracking facilitate hydrogen interaction 
with TiFe. However, the roles of β-Ti can be questioned. Similar to TiFe, 
β-Ti is also easily oxidized with a passivating surface layer due to high 
oxygen affinity. And β-Ti is unable to absorb hydrogen at room 
temperature. 

Guéguen et al. [75] and Dematteis et al. [73,78] also reported that 
the TiFe0.9 alloy can be easily activated at 25 ◦C under hydrogen of 2.5 
MPa. Despite the similar activation properties, the phase compositions 
of the TiFe0.9 alloy are different. The induction-melted TiFe0.9 alloy is 
composed of TiFe, β-Ti, and Ti4Fe2O phases [73,75,78]. It is suggested 
that the key parameter for the alloy activation is the density of interfaces 
between TiFe and secondary phases, instead of the β-Ti content of the 
alloy [78]. Park et al. [170] investigated the microstructure and surface 
oxide of Ti1.2Fe alloy. The Ti1.2Fe alloy requires no thermal activation 
process for the first hydrogenation, as shown in Fig. 6. It was claimed 
that the improved activation properties are due to the improved Ti 
concentration of the surface oxide layer [170]. 

These investigations suggest that the phase compositions of TiFe 
alloy with excessive Ti could vary depending on the synthesis methods 
and treatment conditions. But the significant improvement in activation 
properties by higher Ti/Fe ratios has been corroborated. The enhanced 
activation properties are ascribed to the effect of secondary phases. 

4.1.2. Alloying 
Alloying TiFe with one or multiple alloying elements is another 

method for tuning the activation kinetics, thermodynamics, cycle sta
bility, and capacities. A large number of alloying elements for TiFe al
loys were reported, including transition metals, alkaline earth metals, 
rare-earth metals, p-block elements, and reactive non-metal elements 
[30]. 

Alloying with transition metals is the most popular strategy for 
improving the activation kinetics of TiFe alloys. Numerous studies have 
been reported for using Mn [158,171,172], Zr [173,174], V [75,175], Cr 
[176,177], Co [178,179], Ni [180–183], Cu [176,184], Nb [185], Mo 
[186], Hf [187] and Ta [186] as alloying elements. The most extensively 
studied alloying element of TiFe alloy is Mn. The Mn substitution for Fe 

of TiFe alloy can improve activation kinetics, lower hydrogen sorption 
pressures, reduce hydrogen sorption hysteresis, increase hydrogen ca
pacities, and promote long-term cycling performance [30]. Dematteis 
et al. [73] studied hydrogen storage properties of Mn alloying with Ti- 
rich TiFe alloys. The TiFe0.85Mn0.05 alloy is easily activated at 25 ◦C 
under 2.5 MPa of hydrogen. The alloy exhibit 1.73 wt% of hydrogen 
capacity [73]. Zr served as the substituent of Ti of TiFe alloys, it can 
greatly improve the activation kinetics and anti-poisoning stability. Jain 
et al. [181] reported the first hydrogenation of TiFe + 4 wt% Zr alloy 
exhibited 1.6 wt% of capacity, which was achieved at 40 ◦C under 2 MPa 
of hydrogen. The air-exposed Ti-Fe-Zr alloy can be activated at the same 
condition, but a 0.3 wt% loss in hydrogen storage capacity was observed 
[181]. The V addition to TiFe alloy facilitates the activation kinetics and 
improves the hydrogen capacity. TiFe0.9V0.1 alloy can be activated at 
25 ◦C with a maximum capacity of 1.96 wt% [75]. 

Kumar et al. [82] studied hydrogen adsorption over the TiFe surface 
and doped TiFe by DFT calculations. It was revealed that 3-d metals 
substitution leads to the substitution of the surface Fe and Ti atom, and 
thus, enhanced hydrogen adsorption of TiFe. Among the 3-d transition 
metal atoms from Sc to Zn, partial substitution of TiFe surface atoms 
with V and Co will significantly enhance the hydrogen adsorption of 
TiFe [82]. Ko et al. [68] also explored the role of various alloying ele
ments on the performance of stationary TiFe-based hydrogen storage 
alloys based on extensive DFT calculations. The grain boundary 
embrittlement is considered a possible way for enhancing the activation 
of hydrogen storage alloys because it can provide fresh surface regions 
without oxidation through the fracture of initial hydrogen storage alloys 
with surface oxides [68]. It was demonstrated that ternary alloying el
ements (such as La, Ce, Y, etc.) in TiFe alloys can cause grain boundary 
embrittlement [68]. 

Almost all the third element alloying with TiFe can improve the 
activation kinetics of TiFe alloy. However, the large amount of alloying 
elements addition will diminish the hydrogen capacity. This is due to the 
high-content elements alloying reducing the fraction of TiFe main phase 
of the alloy and promoting the content of the secondary phases. These 
secondary phases are usually unable to reversibly absorb/desorb 
hydrogen at ambient conditions [188,189]. Nonetheless, these second
ary phases were reported as the pathway for the initial hydrogen ab
sorption of the passivated TiFe-based alloys [190]. Recently, Ha et al. 
[191] suggested that the γ-Ce particles were dispersed in the TiFe matrix 
of TiFe alloys with V and Ce addition, which absorbed hydrogen prior to 
the hydrogenation of TiFe matrix. The Ce particles were hydrogenated 
into ε-CeH2, initiating small cracks around the particles owing to the 
volume expansion of the hydride formation [191]. These cracks pro
vided fresh surfaces for the subsequent hydrogenation of the TiFe ma
trix, and thus facilitated the activation of the alloy, as illustrated in 
Fig. 7. 

Owing to good activation properties obtained by single element 
alloying of TiFe alloy, multi-element alloying with TiFe alloy was also 
extensively investigated to achieve a good combination of different as
pects of hydrogen storage properties, such as hydrogen capacities, anti- 
poisoning ability, hydrogen sorption hysteresis, and plateau slope. For 
example, Patel et al. [192] found the combination of Zr and Mn addition 
to TiFe alloy exhibits significantly better hydrogen storage properties 
than the sole addition of Zr or Mn. The TiFe with 2 wt% Mn and 4 wt% Zr 
addition initially absorbed 2 wt% of hydrogen at room temperature 
under 2 MPa of hydrogen pressure, while TiFe +4 wt% Zr alloy only 
absorbed 1.2 wt% of hydrogen at the same condition [192]. Shen et al. 
[193] found the mischmetal addition to the TiFe0.86Mn0.07Co0.07 alloy 
effectively enhances the cyclic stability properties in impure hydrogen 
gas containing oxygen. The hydrogen absorption capacity of 
TiFe0.86Mn0.07Co0.07 + 4% Mm reaches 1.76 wt% at 25 ◦C [193]. 
Guéguen et al. [75] reported the addition of V to TiFe0.8Mn0.1 reduced 
the hydrogen sorption hysteresis and flattened the hydrogen sorption 
plateaus, meanwhile, the alloy maintained good activation properties at 
room temperature. 

Fig. 6. Initial hydrogen absorption curves of the unactivated Ti1.2Fe and TiFe 
alloys at 25 ◦C and 40 bar of H2. (Reprinted with permission from ref. [170]. 
Copyright 2021 Elsevier). 
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4.2. Effects of mechanical processing on the activation 

Mechanical processes such as cold pressing, ball milling, HPT, and 
cold rolling have been used for the modification of hydrogen storage 
materials. These processes can introduce a non-equilibrium phase, 
nanoscale structure, and active sites such as defect or grain boundaries 
that can facilitate the hydrogenation kinetics [194]. For TiFe-based al
loys, the activation kinetics can be effectively improved by these me
chanical processes. 

4.2.1. Cold pressing 
Cold pressing employed for the activation of TiFe alloy was intro

duced by Bratanich et al. [195] in 1995. They found that the TiFe alloy 
pressed at 450 MPa was more easily activated than loose TiFe powders. 
Under 6 MPa of hydrogen, the complete activation of the loose TiFe 
powder was achieved at 623 K, while the TiFe compact was activated at 
~373 K. They assumed that the improved activation behavior is due to 
the formation of fresh surfaces in the course of pressing, and these sur
faces were protected from oxidation with contacts [195]. Later in 1996, 
they reported additional data that showed coarse TiFe particles (0.4–0.6 
and 1.0–l.6 mm) could be activated at room temperature under a 
hydrogen pressure of 6 MPa without preliminary thermal and vacuum 
activation [118]. In contrast, the mechanical activation of TiFe samples 
from fine powders is not effective, as the hydrogenation processes are 
suppressed by oxidation. They believe the mechanical activation 
method for the interaction of intermetallic compounds with hydrogen 
through cold pressing of the powder sorbents, causes the brittle particles 
to break so that fresh surfaces are formed. However, the fine powder is 
oxidized more intensively than the coarse one [195]. 

4.2.2. Ball milling 
As the mechanical alloying method, high energy ball milling 

involving repeated welding, fracturing, and rewelding of powder par
ticles [126]. Ball milling was used as a method for the synthesis of TiFe- 
based alloys as well as a mechanical treatment method to overcome the 
activation barrier. Zaluski et al. [196] investigated the effect of ball 
milling on TiFe that was previously alloyed by arc melting and found 
that ball milling of TiFe leads to a refinement of the TiFe grains and 
chemical disordering of the material. Haraki et al. [197] studied the 
hydrogen storage properties of the melted TiFe after 2 h of ball milling. 
The milled TiFe powders were easily activated at 298 K and obtained a 
hydrogen storage capacity of 1.7H/FeTi. Emami et al. [119] reported 
that a crushed TiFe ingot could be effectively activated after processing 
by ball milling, the 36 h-milled TiFe alloys can absorb hydrogen up to 
1.5 wt% of hydrogen at 303 K. They further claimed that ball-milled 
TiFe powder is not deactivated after being kept under air for ~1 
month [119], which is remarkable if true, but we cannot find additional 
publications that repeat or verify the results. By using TEM, they found 

that the processing of TiFe using ball milling results in the formation of 
nanograins, while few cracks or dislocations are generated, and they 
believed the nanograin boundaries act as pathways for the trans
portation of hydrogen atoms through the oxide layer in the case of ball- 
milled TiFe, while the oxygen molecules cannot penetrate through these 
ultrafine pathways [119]. 

Based on ball milling, wet milling is also proposed for the activation 
of TiFe. Guo et al. [120]explored the activation behavior of TiFe alloys 
processed by wet milling with ethanol and hexane. The pre-alloyed TiFe 
powders milled with ethanol were found capable of absorbing 1.2 wt% 
of hydrogen at room temperature. It indicated that the addition of 
ethanol helped TiFe alloys to spread more easily during the milling 
process and reduce the oxidation layer easily, due to the higher polarity 
and high reducing ability [120]. Besides wet milling, reactive milling is 
reported to be effective for the activation of TiFe. Chiang et al. [198] 
introduced reactive ball milling in hydrogen atmosphere for the acti
vation of pre-melted TiFe alloy. With initial hydrogen pressure of re
action system varying from 0.5 to 0.6 MPa, TiFe absorbed hydrogen 
during the milling process [198]. Recently, Patel et al. [199] reported 
that the reactive ball milling of ad arc-melted and crushed TiFe ingot can 
facilitate hydrogen absorption at room temperature without any thermal 
treatment or evacuation. Furthermore, they discovered a self-shearing 
reactive milling behavior without using milling agents. After intense 
movement of the powder or even chunks of the alloy under hydrogen 
pressure without any additional grinding media, the as-processed TiFe 
can also be activated at room temperature [199]. It was believed that the 
wear of particles caused by the movements, results in the exposure of a 
fresh active alloy surface that is active enough to absorb hydrogen 
[199]. 

4.2.3. High-pressure torsion and cold rolling 
The bulk ultrafine-grained and nanostructure with large densities of 

lattice defects of alloys can be produced by severe plastic deformation 
(SPD) techniques [200]. SPD induced by HPT is considered a feasible 
way to activate passivated TiFe alloy [136,201]. Edalati et al. [121] 
introduced HPT for the activation of TiFe alloy. The HPT-processed TiFe 
exhibits heterogeneous microstructures composed of nanograins, 
coarse-grains, amorphous-like phases, and disordered phases; and it is 
able to absorb 1.7 wt% of hydrogen at room temperature. They further 
claimed that HPT-processed TiFe fragmented powders are not deacti
vated even after storage for several hundred days in the air [105], for 
which we have not been able to find other publications to corroborate. 
Cold rolling was also proposed for the activation of TiFe alloys 
[202,203]. The activation properties of TiFe for hydrogen storage using 
groove rolling and HPT were compared by Edalati et al. [202]. It was 
discovered that the groove-rolled sample, with a sub-grain structure and 
high density of dislocations and cracks, can also absorb hydrogen up to 
1.7 wt% [202]. However, there are also contradicting reports. For 

Fig. 7. Schematic illustration of secondary phases during initial hydrogen absorption of TiFe-based alloys. (Reprinted with permission from ref. [191]. Copyright 
2023 Elsevier). 
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instance, Lv et al. [204] reported that cold rolling has minimal effect on 
the first hydrogenation of TiFe + x wt% ZrMn2 (x = 2, 4, 8, 12). The cold 
rolling only slightly eliminated the incubation time of the first hydrogen 
absorption of TiFe alloy. It was believed that the alloy composition and 
other microstructure features have a much bigger impact on the acti
vation behavior than mechanical treatment [205,206]. 

Despite the inconsistency regarding the effect on activation, cold 
rolling is still extensively reported as the mechanical solution for the 
activation of TiFe. Vega et al. [122]found that TiFe can be easily me
chanically activated by cold rolling under an inert atmosphere after 20 
or 40 passes. The average storage capacity of the cold-rolled alloy is 1.4 
wt% H2 for the first absorption at room temperature. Manna et al. [207] 
found that cold rolling and ball milling processes enabled the activation 
of air-exposed TiFe + 4% Zr alloy. Around a 10% decrease in storage 
capacity has been observed after cold rolling while the storage capacity 
decreased by ~50% after ball milling. They further discovered that the 
30 days air-exposed TiFe + 4 wt% Zr + 2 wt% Mn alloy could be suc
cessfully hydrogenated after ball milling and after cold rolling with some 
loss in hydrogen storage capacity [208]. In addition, the loss in storage 
capacity was also more significant after ball milling than after cold 
rolling [208]. Lv et al. [205,206] demonstrated that cold rolling can 
effectively improve the activation kinetics of arc-melted TiFe + x wt% 
(Zr + 2 V) (x = 0, 4, 5, and 6) and TiFe + 12 wt% (Zr + 2Cr) alloys. 
Recently, Oliveira et al. [209] reported that cold rolling was successful 
in activating the cold-rolled pre-alloyed TiFe that were prone to absorb 
hydrogen without additional thermal treatments. The samples exhibited 
fast hydrogenation/dehydrogenation kinetics, mainly attributed to the 
cracks on the surface of powder particles and refined grain sizes. Ab
sorption/desorption capacities reached approximately 1.1 and 0.7 wt% 
hydrogen, respectively. Similar observations are reported in the work of 
Ulate-Kolitsky et al. [165]. The TiFe + 2 wt% Mn and 4 wt% Zr alloy 
prepared by gas atomization can be activated by cold rolling for 1 and 5 
passes and reaching a capacity of 2.1 wt% at room temperature [165]. 

As a summary of the mechanical activation methods, the common 
theme was to break the surface oxide layer and create fresh surfaces to 
facilitate hydrogenation. The defects in the material after mechanical 
treatment may also have played a role. However, the claims about the 
material can still hydrogenate after long-term exposure to the air is 
inconsistent with the explanation based on the surface oxide layer. 
These materials will form new oxide layers during exposure to the air. If 
the crystalline defects are responsible for better activation kinetics, such 
an effect may diminish during cycling. It should be important to 
demonstrate the ability of these materials through de/hydrogenation 
cycling. 

4.3. Effects of surface modification on the activation 

Apart from the approaches and techniques mentioned above, surface 
modification is also employed for enabling the activation of TiFe alloy. 
In 2002, Suda et al. [116] introduced ion implantation to modify the 
surface of the TiFe alloy for the improvement of initial activation 
properties. They found that the argon-ion mixing caused extensive 
improvement of initial activation, wherein hydrogenation was easily 
achieved at 373 K and 1 MPa. Heller et al. [210] studied the kinetics of 
hydrogen uptake of thin films of TiFe deposited on Si substrates and 
covered with 20 nm Pd. They found that the TiFe/Pd films exhibit fast 
hydrogen absorption kinetics without the need for thermal treatment 
[210]. Williams et al. [117] investigated surface modification of the 
sintered Ti1.1Fe0.9Ox and arc-melted TiFe using autocatalytic deposition 
of the Pd-based catalytic layers to achieve improvement of the H storage 
characteristics. It was confirmed that Pd deposition is efficient in sig
nificant facilitation of the hydrogenation ability of the materials at 
moderate H2 pressures and room temperature [117]. Davids et al. [211] 
utilized a metal-organic chemical vapor deposition technique (MOCVD) 
to achieve surface modification of TiFe alloy. During this process, the 
thermal decomposition of palladium (II) acetylacetonate (Pd[acac]2) is 

mixed with the powder of the parent TiFe alloy. It was found that surface 
modification of TiFe alloy by MOCVD of Pd using Pd[acac]2 as a pre
cursor resulted in the formation of coatings constituted by Pd nano
particles which promote the hydrogenation ability of the material [211]. 
It was believed that the effect was associated with the improved catalytic 
activity of the modified surface towards the H2 dissociation [211]. 

4.4. Activation strategies 

Alloy composition engineering, mechanical treatment, and surface 
modification are all feasible methods for the activation of TiFe-based 
alloys. Among those activation strategies, modifying alloy composi
tions seems to be the best option for achieving a combination of good 
hydrogen storage capacity and moderate activation temperature as 
shown in Fig. 8. Fig. 8 also briefly compares the mechanically processed 
TiFe alloys, single and multi-element alloyed TiFe alloys with the un
treated TiFe. It should be noted that TiFe alloyed with transition metals 
appears to exhibit the most promise for lowering activation temperature 
and maintaining a good hydrogen storage capacity. 

5. Cycle stability and anti-poisoning ability 

TiFe alloy has excellent cycle stability at low pressures when only the 
first plateau is involved. Johnson et al. [215] demonstrated that the TiFe 
alloy can be cycled under 32 to 34 bars of hydrogen for ~13,000 times at 
the temperature ranging from − 7◦С to +110◦С without detectable 
deterioration. However, TiFe alloy that cycles at elevated pressures 
beyond the second plateau could experience a decrease in hydrogen 
storage capacity. Goodell et al. [72] observed an obvious increase in the 
second plateau pressure during the cycling of TiFe. The increase of 
γ-phase dihydride reaction pressure was found to reduce the hydrogen 
capacity in the test pressure range. Reilly et al. [216] also reported the 
disappearance of the upper plateau after 3011 hydrogen sorption cycles 
of TiFe alloy at 0◦С and 65 bar pressure. The authors assumed the 
change in the PCT curve is due to lattice strain and associated defects 
produced in the alloy during cycling. Ahn et al. [217] also confirmed 
that the shapes of the PCT curves of TiFe change as a function of the 
number of thermal cycles. It was observed that the hydrogen storage 
capacity gradually decreases as the number of cycles increases due to the 
suppression of the γ-phase formation in the hydride after about 1000 
thermal cycles [184]. The authors claimed that the degradation may 
associate with the formation of stable hydrides during thermal cycling, 
which impedes the occupation of interstitial sites for the γ-phase dihy
dride [217]. Besides binary TiFe alloy, the substituted TiFe alloy also 
exhibits good cycle stability. The TiFe0.85Mn0.15 alloy exhibited no loss 
in capacity after ~30,000 times back and forth hydrogen sorption 
cycling through a lower pressure plateau [218]. The TiFe0.8Ni0.2 alloy 
only presented 15% degradation in hydrogen capacity after 45,000 cy
cles in the temperature and the pressure ranges of 20 ◦С–185 ◦С and 
0.5–9 bar, respectively [219]. It was found that the capacity decreases of 
TiFe0.8Ni0.2 alloy are due to the slight increase of the first absorption 
equilibrium pressure after long-term cycling [219]. 

TiFe alloy has poor anti-poisoning ability, the hydrogen storage 
properties of which could significantly degrade upon contact with gas 
impurities. Reilly et al. [220] reported that TiFe is very sensitive to the 
presence of oxygen, and the O2 impurity in hydrogen can decrease 
hydrogen sorption capacity of TiFe. Sandrock et al. [221] found that the 
TiFe alloy cycling with O2, CO, or H2O-contaminated hydrogen exhibi
ted a significant decrease in hydrogen sorption kinetics and effective 
capacities. The contamination of surfaces thus deactivates the TiFe 
alloy. The surface poisoning by these impurities was believed to inhibit 
the dissociation of hydrogen molecules and hydrogen penetration [221]. 

Alloying with other elements can effectively improve the anti- 
poisoning ability of TiFe alloy. Compared to binary TiFe alloy, the 
substituted TiFe alloy exhibits better resistance to impurity poisoning. 
The TiFe0.85Mn0.15 alloy is reported to have some resistance to capacity 
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loss when in contact with CO [221]. When cycling with CO- 
contaminated impure hydrogen, TiFe lost all hydrogen capacity 
rapidly, however, TiFe0.85Mn0.15 alloy could preserve a small level of 
effective capacity [221]. As mentioned earlier, the anti-poisoning ability 
of TiFe can be also improved by Zr alloying. The room temperature 
activation of air-exposed Ti-Fe-Zr alloys is reported [188,208]. Besides 
Zr and Mn, the addition of misch metal to TiFe-based alloys can also 
promote resistance to surface poisoning [87,193]. Despite the im
provements by alloying with these elements, the long-term anti- 
poisoning ability needed to be further evaluated. 

6. Applications 

The attempts of the applications began right after the discovery of 
TiFe for hydrogen storage. In the 1970s, Brookhaven National Labora
tory initiated the development of bulk storage techniques for hydrogen 
using TiFe alloy [222,223]. The program consisted of engineering 
analysis and design of a large bulk hydrogen storage facility, 
engineering-scale tests, work on the selection and development of suit
able TiFe alloys, and the construction of a large prototype energy storage 
system [215,224]. In 1974, the first relatively large stationary hydrogen 
storage container using TiFe hydride was built for an electric peak 
shaving demonstration by the Public Service Electric & Gas (PSE&G) 
Company of New Jersey [225,226]. This container was 570 kg in weight 
and 0.144 m3 in a volume filled in with 400 kg of TiFe alloy, and it could 
store up to 6.4 kg of H2 under up to 37 atm of pressure [223,227]. In 
1977, a 6-in.-diameter about 30-in. long hydrogen storage test bed was 
built [228]. The test bed contained ~38.55 kg of TiFe alloy with a 
maximum hydrogen storage capacity of 1.19 wt% and a uniform 
hydrogen flow rate of 9 standard liters per minute (0.32 SCFM) sus
tained for a 10-h transfer period [228]. Moreover, the techno-economic 
assessments were carried out for a hydrogen‑chlorine (H2-Cl2) energy 
storage system for electric utility load leveling and peak shaving appli
cations for using TiFe as hydrogen storage material [229,230]. The 
TiFe0.85Mn0. 15 alloy was considered as optimum for the H2-C12 unit 
[215,230,231]. 

The TiFe alloys were also considered for automobiles. Several 
hydrogen-powered vehicles were built using TiFe alloy as the fuel 
storage medium [223]. Two of these vehicles undergone extensive 
testing, a Winnebago bus which was converted to hydrogen fuel by the 
Billings Energy Corp. of Provo, Utah [232], and a small van built by 
Daimler Benz A, G. (now Mercedes Benz) of Suttgart [233]. For the 
Winnebago bus, it was believed that TiFe hydride can be used in transit 
vehicles because the necessary weight can be carried. The 19-passenger 
bus was found capable of 4 h of operation on an established service route 
[232]. Further, Billings also employed TiFe hydrides in a postal vehicle 
[234,235]. Daimler-Benz developed a hydrogen storage unit consisting 
of three modules which have an overall weight of about 365 kg with 280 
kg of TiFe hydride, this unit can store 5.0 kg of hydrogen [236]. They 
also designed and out-fitted the TiFe hydrides in the delivery van, 
combined with high-temperature hydrides (Mg2Ni) as storage units 
[236–239]. Beneito et al. [240] developed an electric toy vehicle pow
ered by a fuel cell stack. The system consisted of a 150 W PEMFC stack 
powered by hydrogen/air, a tank of metal hydrides of TiFe alloy type 
with a capacity of 300 standard liters, for storing hydrogen, and an 
electronic power device based on electrolytic capacitors, to supply peak 
power demands during acceleration and start-up of the vehicle [240]. 

Despite the high volumetric energy density of TiFe, the low gravi
metric hydrogen capacity limits its vehicular applications. The ultimate 
target for on-board hydrogen storage systems of the Department of En
ergy of the United States requires 6.5 wt% of hydrogen capacity [241]. 
While it is not suitable for onboard applications, TiFe is considered one 
of the prime candidates for stationary hydrogen storage. Uchida et al. 
[242] demonstrated a wind-solar hybrid energy storage system con
structed to store electricity from wind and solar energy as hydrogen and 
to utilize the produced hydrogen for a fuel cell using nano-structured 
TiFe as hydrogen storage materials. Three hydrogen storage tanks 
were installed to absorb the hydrogen gas generated from the solid 
polymer electrolyte (SPE), each tank contained 900 g of the nano- 
structure TiFe alloy [242]. Endo et al. [243] studied the activation 
processes of a 55 kg TiFe-based alloy that was filled in a conventional 
bench-scale tank under 1.0 MPa Gauge and at 80 ◦C. They discovered 

Fig. 8. Relative comparisons of the reported activation temperatures and hydrogen storage capacities of TiFe-based alloys 
[54,73,75,119,136,176,180,186,212–214]. 
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that, at a constant hydrogen flow rate of 20 NL/min (normal liters per 
minute), the TiFe-based tank absorbed and desorbed >8 Nm3 hydrogen 
at inlet brine temperatures of 60 ◦C and 70 ◦C, respectively [243]. A 
bench-scale stationary hydrogen tank (80 Nm3) using TiFe hydrides 
(520 kg) with a polymer electrolyte membrane (PEM) electrolyzer was 
incorporated for hydrogen production (5 Nm3/h) and PEM fuel cells 
(FC) for hydrogen use (3.5 kW) [244], and the integrated system was 
operated under various weather conditions [245]. 

The optimization of design and parameters such as porosity, thermal 
conductivity, and strain variation of the TiFe hydride tank are also re
ported. Halıcıoğlu et al. [246] investigated the charging time and the 
role of the heat transfer mechanism by obtaining temperature histories 
which were measured at several points in the reactor. They found that 
the as-prepared reactor filled with 105 g TiFe-C powder exhibited a 
0.44% hydrogen storage rate at a relatively low charging pressure of 12 
bar. Duan et al. [247] studied the strain variation of a hydrogen storage 
tank packed TiFeMn alloy. It was found that plastic deformation 
occurred during the activation process which did not increase during the 
following ab-desorption cycles though the tank still had the ability for 
elastic deformation, the stress induced by the alloy swell on the tank was 
over 8 MPa [247]. More recently, Matsushita et al. [248] explored the 
porosity and effective thermal conductivity in a packed bed of nano
structured TiFe for use in hydrogen storage tanks. It was found that the 
total volume of the nanostructured TiFe-packed bed decreased with 
every passing cycle of expansion and contraction, and this reduced 
porosity is preferred for hydrogen storage tanks [248]. Moreover, the 
effective thermal conductivity of nanostructured TiFe changes from 0.4 
to 1.1 W/mK according to reacted fraction rise and according porosity 
decrease [248]. 

Recently, there are some studies from Europe on the development of 
TiFe-based alloys for stationary hydrogen storage. The materials include 
TiFe-Mn [125], TiFe-Zr-Mn [165,192], and TiFe-Zr-Mn-V [249] alloys. 
Bellosta von Colbe et al. [250] studied scaled-up milling in a 100 L de
vice for processing powder TiFeMn alloy from GKN and found that a 
TiFeMn alloy milled for just 10 min in a 100 L industrial milling device 
showed excellent hydrogen storage properties without any thermal 
treatment. Barale et al. [125] evaluated the hydrogen storage properties 
of TiFe0.85Mn0.05 alloy produced at the industrial level for a hydrogen 
storage plant. A batch of 5 kg of TiFe0.85Mn0.05 alloy was synthesized by 
induction melting, exhibiting the storage capacity of 1.0 wt% of H2 at 
55 ◦C, and the sorption properties are maintained over 250 cycles. The 
work was part of the EU-funded HyCARE (Hydrogen CArrier for 
Renewable Energy Storage) project [125]. This project aims to develop a 
prototype large-scale hydrogen storage tank using a solid-state hydrogen 
carrier based on metal powder, that will operate at low pressure and 
temperature [125]. The project involves the production of almost 5 tons 
of metal powder, which will be placed in special containers [125,251]. 
The aim is to store 50 kg of hydrogen, the highest quantity yet stored in 
Europe using this technique [218]. The TiFe0.85Mn0.05 alloy was selected 
as an H2 carrier for this plant [125]. 

TiFe alloys can also be utilized as thermal energy storage materials 
[252,253]. The Australian EMC Solar company had developed a concept 
for a concentrated solar tower (CST) plant with a CaH2-heat storage 
system and a Stirling engine with a continuous output of 100 kWel [254]. 
The released hydrogen during the energy storage process is stored as 
TiFe hydride. Feng et al. [255] conducted a complete techno-economic 
analysis of screening the metal hydride pairs MgH2&TiFeMn and 
MgH2&LaNiAl. Based on the life cycle economic analysis, matching of 
MgH2&TiFeMn is considered to be a better selection due to a smaller 
levelized thermal storage cost (28 USD/kWhth), where two major ex
penses are the capital cost and energy consumption cost, which are 
74.3% and 19.3% respectively [255]. Corgnale et al. [256] carried out a 
techno-economic assessment of destabilized Li hydride systems coupled 
with TiFe for high-temperature thermal energy storage. The storage 
system demonstrated excellent volumetric capacity, achieving values 
between 100 and 250 kWhth/m3 [256]. 

Apart from being applied as hydrogen storage media, TiFe-based 
alloys were also proposed as catalysts for the ammonia synthesis 
[257,258], CO2 reductions [259,260], and de/hydrogenation of MgH2 
[261–263]. For instance, the room temperature hydrogen absorption of 
hydrogen can be facilitated by the catalytic effect of TiFe-based alloys 
[263]. The addition of binary TiFe alloy to the MgH2 reduced the 
desorption temperature and significantly improved the hydrogen sorp
tion kinetics of MgH2 [262]. 

7. Summary and perspectives 

TiFe-based alloys have shown great potential owing to their mod
erate operating temperature, high volumetric capacity, and low cost. 
The innovation and development of synthesis methods, activation 
mechanisms, activation strategies and applications are of great impor
tance of TiFe-based alloys. The major hindrance to the application is the 
harsh conditions required for activation before reversible hydrogen 
sorption. The observations and assumptions based on the evolution of 
the surface oxide layer during activation treatment provide thoughtful 
insights, especially regarding the surface composition evolution and the 
role of secondary phase. Nonetheless, current studies of activation 
behavior still lack solid evidence for revealing the general mechanisms. 

This review outlines various methods for preparing TiFe-based al
loys. Owing to the ease of operation and scalability, the most adopted 
fabrication approach is still arc-melting. However, there is growing in
terest in developing low cost and low energy-consuming route using 
low-cost raw materials (oxides or ilmenite). TiFe-based alloys synthe
sized by novel processes should not only be cost-effective but also should 
possess desirable hydrogen storage properties. 

The review evidenced that the activation properties can be signifi
cantly enhanced by compositional design, mechanical processing, and 
surface modification. The most prevailing strategy for the activation of 
TiFe is alloying with single or multi-elements. Thermal activation 
treatment can be eliminated for the initial hydrogenation of TiFe by 
alloying. Nonetheless, the addition of other elements to TiFe alloys 
generally results in a decrease in hydrogen capacity and lower sorption 
plateau pressure. The in-depth theoretical design of TiFe-based alloys for 
combining multiple aspects of hydrogen storage properties is scarce in 
the literature. More understanding of the alloy design is needed for 
optimizing compositions for better hydrogen storage properties. Also, 
the comprehensive assessments of hydrogen storage properties of TiFe- 
based alloys, including activation kinetics, thermodynamics, cycle sta
bility, and anti-poisoning ability, need to be carried out for the selection 
of optimal materials. 

The attempts for the applications from the 1970s to now indicate the 
huge potential of TiFe alloys for hydrogen storage. TiFe-based alloys can 
not only be utilized as a part of the thermal storage system, but more 
importantly, it has shown great prospects in stationary hydrogen storage 
applications for storing renewable electricity. The application of sta
tionary hydrogen storage from renewable energy sources is illustrated in 
Fig. 9. The stationary hydrogen storage applications require a wide 
range of operation temperature (− 40–50 ◦C) and rapid hydrogen sorp
tion kinetics within 3 min [59]. In addition, more than 2 wt% of 
hydrogen storage capacity and less than 30% of capacity loss during 
10,000 cycles are also needed [59]. The TiFe-based alloys generally 
satisfy the thermodynamic and kinetics requirement, but the capacity 
and long-term cycling stability still need to be improved when 
combining a good activation property. However, the relatively low cost 
of TiFe-based alloys compared to other hydrogen storage materials has 
prompted extensive ongoing research. With continuing development, it 
is likely the commercial-scale application for the TiFe-based alloys will 
be realized in the near future. 
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