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In this work, several compounds based on Ti, Fe, Hf, and Ni, along with their solid solu-
tions—including TiFe/TiFe2, HfFe/HfFe2 and TiFeHfNi—were examined for their hydrogen storage
capabilities at different Wyckoff positions. The compounds were assessed using formation energies
(phase stability diagrams) and the energy cost associated with varying hydrogen concentrations.
TiFe, TiFe2, HfFe2 and TiFeHfNi in both cubic and hexagonal symmetries exhibit negative forma-
tion energies after hydrogen insertion, indicating thermodynamic stability. In contrast, hydrogen
insertion into elemental Ti, Fe, Ni, and Hf generally leads to positive formation energies, except
for the Hf structure with hydrogen at the 2a Wyckoff position. Regarding the hydrogen insertion
energy, only HfFe and Hf show spontaneous (exothermic) hydrogen absorption behaviour.

I. INTRODUCTION

Hydrogen has the highest specific chemical energy of
any element on the periodic table and it is the most
abundant element in the universe [1]. Naturally, active
research is being performed to use hydrogen to decar-
bonize the global energy production and storage, as de-
scribed in [2]. One of the major challenges that must
be overcome is the safe and reliable storage of hydrogen.
Chemical storage of hydrogen in solid state of metal hy-
drides is the safest method since these can be functioned
at lower pressure and ambient temperature [3].This re-
quires a wide range of operation temperatures, rapid hy-
drogen sorption kinetics and a significant weight percent-
age of hydrogen, which has proved to be challenging[1].
A promising class of materials are TiFe based alloys
which satisfy the thermodynamic and kinetics require-
ments, but the capacity still needs to be improved [1].
A major advantage of these materials is that they are
cheap to manufacture and can be produced from low
cost recycled steel and alloys [4]. However, they must
be activated at high temperatures (400-450°C) and high
hydrogen pressures (65 kbar), complicating the hydro-
genation process. These activation properties can be sig-
nificantly enhanced by compositional design [1]. For ex-
ample, simultaneous substitution of Hf and Ni into the
TiFe matrix leads to the stabilization of the cubic Pm-
3m structure. Specifically Ti0.9Hf0.1Fe0.9Ni0.1 shows a
strong reduction in activation temperature with only a
small reduction in total hydrogen absorption [5]. This
paper aims to find the most suitable site and compound
amongst Ti-Fe-Hf alloys for hydrogen storage.

II. METHODS

A. Convergence tests

For the convergence tests of the k-point meshes, en-
ergy cutoff, and charge-density cutoff, the following pro-

cedure was applied. As an example, the procedure for
the TiFe crystal is demonstrated; the same methodology
was used for all other crystals. Based on the selected
pseudopotentials, initial cutoff values of ecutwfc = 64 Ry
and ecutrho = 782 Ry were used for the k-mesh con-
vergence test. Several calculations were performed using
different k-meshes, and the corresponding total energies
and hydrostatic pressures were recorded. The optimized
k-points were selected based on the criterion of minimal
changes in the total energy (on the order of a few 0.1
mRy) and a variation of maximum 1 kbar in the hy-
drostatic pressure. Afterwards, ecutwfc was varied using
the optimized k-mesh until the same convergence crite-
ria were satisfied. The same process was repeated for
ecutrho.

B. Murnaghan equation and energy vs volume
fitting

The Murnaghan equation describes the total energy
variation as a function of the cell volume and is expressed
as follows:
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In which E0, V0 and B0 are the total energy, volume,
bulk modulus at equilibrium. B1 = ∂B0

∂P is the pressure
derivation of bulk modulus at equilibrium.
Using the optimized cutoff energy, charge density, and

k-point sampling, the TiFe lattice parameter was varied
from 0.85 % a to 1.10 % a in increments of 0.10 % a. The
corresponding total energies, illustrated in figure 5, were
then used to determine the equilibrium lattice constant
by fitting the Murnaghan equation of state. Further-
more, the volume change as a function of cell volume can
estimated near equilibrium using the equation:
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C. Geometry optimizations and formation energy

Thermodynamic stability of various compounds will
be determined by computing their formation energies.
The energy of each crystal is minimized by varying the
atomic coordinates as well as the cell shape and volume.
From this, compounds that could exist in nature could
be predicted. From the total energy obtained from the
DFT calculation, the formation energy per atom of the
crystals was calculated using equation.

Ef =
Etot −

∑
i xiEi∑

i xi
(3)

With Ei presents the energy per atom of the pure i ele-
ment and xi indicates the number of corresponding atoms
in the formula unit.

D. Adding a hydrogen atom

The insertion of hydrogen atom into the TiFe com-
pound can be done by placing H atom in different Wyck-
off positions so that the symmetry of the crystal is main-
tained. In this way the resulting structure will still be-
long to the same space group. First, the converged set-
tings was checked followed by full geometry optimisation.
From this, the formation energy per atom and the weight
percentage of H in the crystal can be obtained. In addi-
tion, the energy cost per adding one hydrogen atom was
also calculated as follows:

EN ·H =
ES@H − ES − N

2 E(H2)

N
(4)

Where, ES@H , ES and E(H2) are the total energies of
system with N hydrogen atoms inserted, parent system
and hydrogen molecule, respectively.

E. Phase diagrams

A rigorous framework that reveals whether a com-
pound is stable relative to all possible competing phases
is a phase diagram. Only hydrides that lie on or near the
convex hull within 5 meV can can be considered stable
[6]. This is why several phase diagrams were made for
analysing the results and determining which crystals are
still stable after hydrogen insertion.

All phase diagrams were made according to [7] and [8].
Their existing phase diagrams work based on formation
energies that were adapted to fit the experimental for-
mation energies.

F. Adding hydrogen to different crystals

The same procedure discussed in II C and IID was
adapted for other compounds in different crystal struc-
tures, and for a different hydrogen concentration. In

principle, this can be done for every combination of
compound, crystal structure, Wyckoff site and amount
of hydrogen atoms. However, since this amounts to a
very large number of possible configurations, only a
small subset of these combinations was studied. The
subset uses all previously computed crystals, a few
different hydrogen atoms (1,2,3,6, and 8) but only a few
Wyckoff sites. The reason for this is that adding too
many hydrogen atoms to a crystal structure will render
it unstable (as one can intuitively imagine), hence one
only needs a maximum of a few (here 8) possible sites
for a given crystal. This can be done by only using lower
multiplicity Wyckoff sites.

For each configuration, the formation energy per
atom was computed using equation 3, along with the hy-
drogen weight percentage, which remains low due to the
high atomic mass of the metals and the limited number
of available H-sites. In addition, the incremental energy
cost of inserting one hydrogen atom was evaluated using
equation 4.

To check the predictions of [5] about Ti0.9Hf0.1Fe0.9Ni0.1,
a 1x2x5 supercell was constructed. In this way, there
are exactly 10 Ti and 10 Fe atoms present, one of which
can then be substituted for Hf and Ni respectively.

III. RESULTS

A. Murnaghan equation and energy vs volume
fitting

From fitting Murnaghan equation 1, the equilibrium
lattice parameter and volume were found to be 2.959 Å
and 25.916 Å³ (12.96 Å³ for primitive volume), respec-
tively. This lattice parameter is in excellent agreement
with the value obtained from the vc-relax calculation
(2.954 Å), with a very small difference of only 0.005 Å.
Moreover, from the fitted Murnaghan equation of state,
the bulk modulus and its pressure derivative at equilib-
rium were estimated to be 380.7 GPa (190.35 GPa for
primitive cell) and 3.54, respectively. The equilibrium
lattice parameter and bulk modulus are in close agree-
ment with the Materials Project database values of 2.94
Å and 199 GPa, respectively [9]. Furthermore, based on
equation 2, it was estimated that the volume at 10 GPa
decreases to 24.699 Å³, corresponding to a 4.7% reduc-
tion relative to the equilibrium volume of the primitive
cell.

B. Full geometry optimizations

In table I the energies of the four pure crystals are
found as well as the formation energies of the compounds.
It can be seen that all formation energies are negative,

which means the compounds are exothermic to form from
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TABLE I. Energy per atom and formation energies of pure
elements and compounds

Crystal Space group Energy/atom (eV) Ef (eV)
Ti P6/mmm -1622.493816 –
Fe Im3m -4479.97283 –
Hf P63/mmc -1535.137521 –
Ni Fm3m -4669.543389 –

TiFe Pm-3m -3051.66408 -0.431
HfFe2 P63/mmc -3498.70200 -0.341
HfFe2 Fd-3m -3498.71743 -0.356
TiFe2 P63/mmc -3527.77484 -0.295
TiFe2 Fd-3m -3527.78580 -0.306
HfFe Pm-3m -3007.88670 -0.332

their constituent elements. However, this does not nec-
essarily mean that the compounds are found in nature,
since configurations with even lower energy may exist,
in which case those configurations would be observed in-
stead. From [10], it is observed that the formation energy
of TiFe lies close to the literature value of −0.421, eV,
which lies on the hull and therefore indicates that the
compound is stable. Note that this is not a experimen-
tal value but also calculated with a DFT code. The re-
sults obtained from the DFT code are simulated at 0
Kelvin, while the experimental phase diagrams are usu-
ally around room temperature and higher. It is therefore
not useful to compare exact values, but it can be useful
for relative differences and the sign of the formation en-
ergy. The experimental Ti–Fe phase diagram [11] shows
that TiFe is the broadest and thermodynamically most
stable intermetallic phase. TiFe2 also exist, but has a
smaller stability range and occur mainly at lower tem-
peratures. This matches the trend of the results for our
DFT code. According to [12], HfFe2 is also a stable state,
which is consistent with our result. However, HfFe is not
listed here as a stable state.

C. Adding one hydrogen atom

Using equation 3 and 4, the formation energy and the
energy cost of adding hydrogen was calculated. For TiFe
with one hydrogen atom was added at the 3c and 3d
Wyckoff positions and the corresponding formation ener-
gies were found to be -0.2911649903 eV and -0.282930699
eV, respectively, consistent with literature finding of -
0.233 eV [13]. For the energy cost per hydrogen, a value
of -0.01198546872 eV for 3c and 0.01271740525 eV for 3d
was obtained. Resulting in that 3c is the most stable.

D. Phase Diagrams

Several phase diagrams were made in 2D, 3D and 4D.
The TiFeH and TiFeHfH phase diagrams will be discused
here. All other phase diagrams can be found in the ap-
pendix. When adding hydrogen, a 3D phase diagram is

obtained. The Gibbs’ triangle can be seen in figure 1. All
green dots correspond to the crystals that would still be
stable with hydrogen inside, relative to the other phases.
Of all crystals that are shown here, TiFe2H seems like the
most stable one to store hydrogen. FeH and TiH lie on
the lines between the pure element and hydrogen. They
have positive formation energies and aren’t suitable can-
didates to store hydrogen. TiFeH is the red dot below
TiFe2H. It has a negative formation energy, but it is less
favourable than TiFe2H and will therefore decompose. A
4D Gibbs’ tetrahedron is shown for TiFeHfH in figure 2.
Again, multiple crystals with hydrogen inside seem to be
stable. Of all binary crystals with hydrogen, only HfH
is stable. It’s formation energy is only slightly negative
though. TiFe2H, TiFeH and HfFeH are the most sta-
ble crystals with hydrogen. Multiple other crystals with
hydrogen also have negative formation energies, but will
nevertheless decompose into other more stable crystals.
For the crystals without hydrogen, the average differ-

ence between the formation energies in this paper and in
the reference phase diagrams [7], [8] is 0.008 eV/atom.
Comparing the crystals with hydrogen is more difficult,
because the reference data does not provide space groups,
Wyckoff positions, etc.

FIG. 1. 3D phase diagram of TiFeH. All simulated crystals
containing Ti, Fe and/or H are portrayed on the Gibbs’ trian-
gle. The three pure crystals are located in the corners. The
position between the crystals represents the ratio between the
different elements. All green points are stable, the red points
are the simulated crystals that are unstable.

E. Adding hydrogen to different crystals

The formation energies and hydrogen weight percent-
ages are shown in figure 3. One can see a general trend
of the crystals being less stable when a higher weight
percentage of hydrogen is added, which is what one in-
tuitively expects. One notable exception to this rule is
the TiFe crystal, which only contains 2 atoms (1 Ti, 1
Fe) in the unit cell and is hence able to attain a higher
hydrogen weight percentage. On the other hand, the Ni
crystals seem to be particularly unstable when hydrogen
is added. All HfFe2 and TiFe2 crystals had a negative for-
mation energy for the given hydrogen count and Wyckoff
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FIG. 2. 4D phase diagram of TiFeHfH. All crystals contain-
ing Ti, Fe, Hf and/or H are portrayed on the Gibbs’ tetra-
hedron. The four pure crystals are located in the corners.
The position between the crystals represents the ratio be-
tween the different elements. All green points are stable, the
brown points are the simulated crystals that are unstable.

sites.
The energy cost per hydrogen atom added to the crys-

tal is shown in figure 4. Only for the Hf crystal with
Wyckoff site 2a and the HfFe crystal with Wyckoff site
3c does it seem to be energetically favourable to absorb
hydrogen, and even in these cases the energy cost per
hydrogen atom is only slightly negative. Some of the
other crystals, like TiFe with Wyckoff site 3c only need
a small amount of energy to absorb a hydrogen atom.
From this, one can conclude that the 3c Wyckoff site in
the Pm-3m seems to be a particularly stable site to put
hydrogen in and that Hf seems to be the most favourable
element to host hydrogen. On the other hand, the ex-
tremely stable Fe crystal is a highly unfavourable envi-
ronment for hydrogen atoms. Finally, it should be noted
that in crystals with multiple hydrogen atoms, the av-
erage cost per hydrogen atom added will inevitably be
higher, since it takes more energy every time an atom is
added. Using supercells, Ti0.9Hf0.1Fe0.9Ni0.1 alloys with
respectively 10, 15 and 20 hydrogen atoms were studied
as well. All of those crystals had negative formation ener-
gies. However, the cost of adding hydrogen was positive.
Therefore, these alloys don’t seem to be the best choice
for hydrogen storage and are hence not in the figures.

IV. CONCLUSION

After performing a full geometry optimisation of all
crystals, hydrogen could be added. Next the forma-
tion energy and energy cost per hydrogen atom could
be determined. A phase diagram analysis concluded that
TiFe2H, TiFeH, HfFeH and TiFeHfNi were the most ener-
getically stable crystals to store hydrogen from all TiFe-
HfH compounds. Both FeH and TiH have a positive for-
mation energy and are not suitable to store hydrogen.

FIG. 3. Formation energies and hydrogen weight percentages
for different compounds. The x axis shows the name (and
configuration if multiple were used) of the compounds, the
Wyckoff sites and amount of Hydrogen atoms are indicated
next to the data points. The energy axis is shown on the
left, green data points indicate negative formation energies
and hence stable compounds, red points indicate positive and
hence unstable compounds. The y axis on the right shows the
weight percentage of hydrogen in the compound. There is a
blue data point corresponding to every red/green data point.

FIG. 4. The energy cost per hydrogen atom for different com-
pound. The x axis once again labels the different compounds
and configurations, the y axis shows the average energy cost
for adding a hydrogen atom to that compound. The Wyckoff
sites and amount of hydrogen atoms are shown next to the
data points. A red data point indicates a positive energy cost
per hydrogen, a green data point indicates a negative energy
cost per hydrogen.

When looking at the energy cost per added hydrogen
atom, it turns out that the 2a Wyckoff site of Hf and the
3c Wyckoff site of HfFe gain energy when storing 1 hy-
drogen atom in the crystal. Adding 1 hydrogen atom to
the 3c Wyckoff site of TiFe only requires a small amount
of energy, so these crystals seem the most suited for hy-
drogen storage. Finally, it turns out that storing a higher
weight percentage of hydrogen makes the crystals more
unstable, with the exception of TiFe which was able to
obtain about 1 wt% hydrogen with a similar (negative)
formation energy as the other crystals.
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APPENDIX

In this study, Density Functional Theory (DFT) as im-
plemented in the Quantum ESPRESSO package was used
for all calculations [14]. The exchange–correlation inter-
action was treated using the PBE functional [15]. The
electron–ion interaction was described using pseudopo-
tentials from the SSSP library [16].

TABLE II. Convergence testing of K-mesh for TiFe crystal

K-mesh Energy (Ry) Pressure (kbar)
5x5x5 -448.58105175 16.42
6x6x6 -448.57714803 26.77
7x7x7 -448.57874081 19.74
8x8x8 -448.57892115 21.32
9x9x9 -448.57928947 21.38

10x10x10 -448.57953964 19.65
11x11x11 -448.57917501 21.20
12x12x12 -448.57935381 20.95
13x13x13 -448.57929875 20.75
14x14x14 -448.57935518 20.67
15x15x15 -448.57935461 20.86

TABLE III. Convergence testing of ecutwfc for TiFe crystal

ecutwfc Energy (Ry) Pressure (kbar)
54 -448.57697351 23.45
64 -448.57935381 20.95
74 -448.58322087 18.64
84 -448.58548329 27.31
94 -448.58598736 32.32
104 -448.58608342 31.37
114 -448.58631836 30.41
124 -448.58659310 30.78
134 -448.58674456 31.52

TABLE IV. Convergence testing of ecutrho for TiFe crystal

ecutrho Energy (Ry) Pressure (kbar)
624 -448.58607284 31.09
728 -448.58610547 31.45
832 -448.58607018 31.44
936 -448.58607147 31.21
1040 -448.58607168 31.51
1144 -448.58606437 31.76
1248 -448.58606543 31.18

FIG. 5. DFT total energy of the material as a function of
lattice parameter (blue dots). The solid orange line represents
a 4th-order Birch–Murnaghan equation of state fit to the DFT
data. The equilibrium lattice parameter, corresponding to the
minimum total energy, is highlighted with a red dot.

FIG. 6. 2D phase diagram of TiFe. All simulated crystals
containing Ti and/or Fe are portrayed. On the horizontal axis
the amount of Ti is shown. Delta H is the formation energy
in eV/atom on the vertical axis. All green points lie on the
convex hull and are stable. The red points are simulated
crystals that are unstable.

FIG. 7. 2D phase diagram of HfFe. All simulated crystals
containing Hf and/or Fe are portrayed. On the horizontal axis
the amount of Ti is shown. Delta H is the formation energy
in eV/atom on the vertical axis. All green points lie on the
convex hull and are stable. The red points are simulated
crystals that are unstable.
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FIG. 8. 3D phase diagram of HfFeH. All simulated crystals
containing Hf, Fe and/or H are portrayed on the Gibbs’ tri-
angle. The three pure crystals are located in the corners. The
position between the crystals represents the ratio between the
different elements. All green points are stable, the red points
are the simulated crystals that are unstable.

FIG. 9. 3D phase diagram of TiFeHf. All simulated crystals
containing Ti, Fe and/or Hf are portrayed on the Gibbs’ tri-
angle. The three pure crystals are located in the corners. The
position between the crystals represents the ratio between the
different elements. All green points are stable, the red points
are the simulated crystals that are unstable.
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FIG. 10. Calculated formation energies and hydrogen weight percentage for different configurations. The left y axis shows the
formation energy in log scale, negative formation energies (stable) are shown in green and positive formation energies (unstable)
are shown in red. The right y axis shows the weight percentage of hydrogen in the compound, again on a log axis.

FIG. 11. Calculated energy cost per added hydrogen atom and number of added hydrogen atoms for different configuration.
The left y axis shows the energy cost in log scale, negative energy costs (more stable) are shown in green and positive energy
costs (less stable) are shown in red. The right y axis shows the amount of hydrogen atoms in the unit cell.
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