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Mechanism of Hydrogen Storage on Fe3B
Zhao Ding a,c, Hao Li d, Ge Yan b, Weijie Yang *b, Zhengyang Gao b, Wenhui Ma e and Leon Shaw c

Recent experimental finding has indicated that Fe3B has the 
capacity to absorb and release hydrogen. However, the mechanism 
has not been clarified. Here, for the first time, the characteristics 
were investigated through the electronic structures and energies of 
H2 molecules adsorbed on Fe3B using density functional theory 
calculations. Most importantly, this work provides a guideline for 
experimental investigation on wide-source and low-cost Fe-based 
hydrogen storage materials.

The growing awareness of environmental pollution caused by 
the burning of conventional fossil fuel has motivated a large number 
of studies on renewable hydrogen fuel source. Meanwhile, plenty of 
studies have focused on the discovery and synthesis of solid-state 
materials for onboard hydrogen storage, due to its advantages of 
moderate pressure, light container, and flexible shape, compared to 
the compressed gaseous and cryogenic liquid hydrogen 
technologies.1, 2 However, no material so far can meet the 
expectations of industrial standards of on-board hydrogen storage 
systems (which releases and uptakes 7.5 wt. % H2 at the temperature 
of 95~105 ℃).3, 4

Lately, our group has devised a novel process with high-energy 
ball milling (BM) of MgH2 at ambient temperature in conjunction 
with aerosol spraying (AS) of LiBH4 dissolved in tetrahydrofuran (THF) 
solution.5-10 Through the BMAS process, we have shown that the 
reversible hydrogen storage capacity of LiBH4 + MgH2 mixture can 
achieve as high as ~4.11 wt.% in the solid state without any catalyst, 
and Mg(BH4)2 has been formed via the direct reaction between MgH2 
and LiBH4 for the first time as expressed in Reaction (1). 5, 7 Fe comes 
from the wear of stainless steel balls during ball milling, would react 
with B that comes from the gradual decomposition of Mg(BH4)2 via 
reaction (2), to form Fe3B, as shown in reaction (3). The formation of 

Fe3B has been ascribed to the interesting phenomenon that the 
amount of hydrogen uptake in hydrogenation is higher than the 
hydrogen released in the previous dehydrogenation (starting from 
the second cycle). 5 The hydrogen amount of desorption and 
absorption as a function of dehydrogenation and re-hydrogenation 
cycles was plotted in a histogram in Figure S1.

      (1)2 LiBH4 (s) +  MgH2 (s) =  Mg(BH4)2(s) +  2 LiH (s)
    (2)Mg(BH4)2 (s) → MgH2 (s) +  2 B (s) + 3 H2 (g)

                (3)3 Fe (s) + B (s) =  Fe3B (s)
Noted the self- and acroscopic diffusion of the hydrogen atom 

in amorphous Fe3B have been studied with first-principles 
calculations.11, 12 However, to the best of our knowledge, there is 
currently no report of the interaction between Fe3B and H2 for 
hydrogen storage. Xie and Gu13 reported that H2 could dissociate and 
interact with iron on Fe(110), forming stable Fe-H bonds. Pozzo and 
Alfè14 have further confirmed that theoretically, doping a Fe on 
Mg(0001) surface results in facile H2 dissociation at the Fe site, due 
to the very low dissociation barrier. Besides, many studies15-20 have 
shown that hydrides can be formed easily on Fe-related sites, so it is 
not groundless to consider Fe-related materials such as Fe3B as a new 
type of hydrogen storage material.

In this study, for the first time, the mechanism of H2 adsorption 
and desorption on Fe3B was investigated using density functional 
theory (DFT) calculations. Firstly, geometric structures of Fe3B model 
and adsorption characteristics of H2 on Fe3B were studied through 
the analysis of adsorption configurations and adsorption energies. 
Secondly, the adsorption mechanism of H2 on Fe3B was investigated 
through the calculated electron density difference (EDD), projected 
density of states (PDOS), and electron localization function (ELF). 
Finally, thermodynamic analysis and ab initio molecular dynamics 
(AIMD) simulations, were adopted to study the dehydrogenation 
characteristic of Fe3B. This work provides an understanding of the 
hydrogenation and dehydrogenation over the Fe3B surface, so as to 
design similar Fe-based compounds as a viable system for reversible 
hydrogen storage applications near ambient temperature.

The Fe3B structures were modelled in the form of orthorhombic 
crystal, consisting of 24 Fe and 8 B atoms, with the lattice parameters 
of a=9.70, b=7.01, and c=4.23. Fig. 1 shows the stereogram of the 
stable crystal structure. To understand the binding mechanism 
between Fe and B, the PDOS of Fe3B was calculated (Fig. 1). The d 
orbital of Fe is asymmetric with the two spin states, which indicates 
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that the system is magnetic. The calculated average magnetic 
moment of Fe3B is 1.70 μB, which is significantly larger than that of 
FeB (1.13 μB).21 Furthermore, the d orbital of Fe hybridizes with the 
p orbital of B mainly in the energy range from -3 to 3 eV. Such a 
phenomenon is consistent with the work of Zhang et al.22 These 
hybridizations play important roles to form a strong Fe-B bond, 
leading to a rational Fe3B system that is sufficiently stable to achieve 
the process of H2 adsorption.

Fig. 1 Optimized geometric structure and PDOS plot of Fe3B.
Based on the modelled Fe3B structure, potential adsorption 

sites and different orientations of H2 were calculated to obtain the 
most stable adsorption configurations, as shown in Fig. 2. The 
corresponding adsorption energy, charge variation, and bond length 
are listed in Table S1.

Fig. 2 Optimized geometric structures of nH2 (n=1-6) adsorbed on 
Fe3B. Purple, orange, and gray spheres represent Fe, B, and H atoms, 
respectively.

As shown in Fig. 2a, the first H2 is adsorbed on the Fe site, with 
the adsorption energy of -1.00 eV. Such strong chemisorption is 
accompanied by the dissociation of H2, with the H-H elongating to 
2.49 Å compared to that of 0.75 Å in the H2 gas molecule. The 
distances between H and the nearest Fe are 1.68 and 1.67 Å. Fig. 2b 
explores possible adsorption sites on the basis of Fig. 2a, obtaining 
the stable configuration of the second H2 adsorption on Fe3B. The 
adsorption energy is -1.17 eV with an extinct increase. It should be 
noted that this H2 dissociates greater than the first H2. Similarly, the 
configurations of Fe3B with the adsorption of the third to sixth H2 
molecules were also optimized (Fig. 2c-2f). There is an increasing 
trend of adsorption energy from the first H2 to the third H2 where H2 
molecules are both adsorbed on the Fe sites. Fig. 2c shows the 
maximum adsorption energy of -1.19 eV with the hydrogen coverage 
of 0.5 on Fe3B. In terms of the fourth and fifth H2, H started to be 
adsorbed on the B sites rather than Fe sites. Meanwhile, the 
adsorption energy decreases from the adsorption of the fourth H2 to 
the sixth H2. It should be noted that, the six H2 molecules are all 
absorbed on the five Fe atoms on the top layer as shown in Fig. 2, 
which indicates a corresponding hydrogen storage capacity of 4.15 
wt.% at the surface. Though the adsorption energies in these three 

models are relatively weak, H2 molecules all dissociate in the whole 
six adsorption models. In comparison, Liu et al. 23 studied six H2 
adsorptions on Ti-decorated B38 fullerene with the maximum 
adsorption energies of 0.45eV, which shows much inferior H2 
adsorption ability than that of Fe3B investigated in this work.

Then, we performed further research to compare the 
hydrogenation capacity between the defective and perfect models 
of the 1H2 system. Fe6 vacancy and its nearest two vacancies (Fe8 
vacancy and Fe22 vacancy) were studied(Fig. S2). Our results showed 
that the absorption energy of Fe6 vacancy structure in Fig. S2 (a) and 
Fe8 vacancy structure in Fig. S2 (b) are -1.00 and -1.02 eV, 
respectively, being similar to that of perfect model (-1.00 eV). The 
Fe22 vacancy structure in Fig. S2(c) has the value of -0.32 eV, much 
smaller than that of perfect model. Charge changes of the adsorption 
sites in the perfect and defective models were further investigated, 
as shown in Table S2. In the model with Fe6 vacancy, B5 has more 
negative charge changes, indicating more facile hydrogen 
desorption. In the model with Fe8 vacancy, Fe6 loses most of the 
charges. However, the model with Fe22 vacancy has weak hydrogen 
adsorption capacity with small H-H elongation. Fe6 obtained 0.12 e, 
resulting in weak adsorption capacity. In conclusion, it is expected 
that the defect sites of Fe3B have less significant improvement in 
hydrogen absorption.

To further understand the adsorption properties of H2 onto 
Fe3B, the relevant charge, electronic, and bonding properties are 
analyzed by EDD, PDOS, and ELF.

EDD is used as a subtle tool to highlight the bonding mechanism 
in the process of adsorption. The Bader charge changes of the first to 
sixth H2 molecules and substrates are summarized in Table S1, 
revealing that H2 always gains electrons from the substrates during 
hydrogen adsorption. With smaller energies, the adsorption systems 
of the fifth and sixth H2 would have less electron transfer. The 
specific charge changes of all the hydrogen atoms and adsorption 
sites in the current hydrogenation process are listed in Table S3. 
According to the specific charge analysis (Table S3), the obvious 
charge variation difference between Fe and H can show the 
formation trend of stable ionic bonds which leads to large adsorption 
energies. Considering the similar charge variation between B and H, 
there seem to be covalent bonds. To further analyze the charge 
properties of the first to six H2 molecules adsorption on Fe3B, EDD 
maps at the top and side view are plotted in Fig. 3. Fe, B, and H atoms 
are colored in purple, orange, and gray, respectively. 

Fig. 3 shows that H2 is always surrounded by yellow regions, 
which indicates that there are aggregations of electrons. Fe and B are 
always surrounded by cyan regions especially at the adsorption site, 
and lower-level atoms have almost no electronic gain or loss. Fig. 3 
further confirms that some charges have transferred from the Fe or 
B atoms to H which is consistent with our Bader charge analysis. 
Moreover, the first H2 has the largest change in the electrons gain 
mainly in (d)-(f). The adsorption site of the fourth and sixth H2 is Fe6 
which is also the adsorption site of the first H2, leading the first H2 to 
reduce electrons. The obvious reduction in the adsorption energy 
from the third to the fourth H2 can be attributed to the following two 
possibilities. The first reason is that it turns out to be very difficult to 
transfer electrons from B to H because B possesses weaker 
metallicity than Fe. The second reason is that Fe6 has already been 
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occupied by H8, which makes it too saturated to transfer more 
electrons. 

Fig. 3 EDD maps of the first to sixth H2 adsorbed on Fe3B. Cyan and 
yellow regions represent electron loss and gain, respectively.

To further analyze the effect of Fe3B surface on H2 adsorption, 
the PDOS profiles of the first to sixth H2 on Fe3B are plotted in Fig. S3. 
It can be seen that the 3d orbitals of Fe contribute significantly when 
the binding is between Fe and H. When it is between B and H, the s 
and p orbitals contribute to different energy ranges. Therefore, the 
Fe-d, B-s, and B-p orbitals before and after adsorption are all studied. 
The s orbitals of H in adsorbed and gas states are plotted in red line 
and pink solid fill, respectively. The d orbitals of Fe or s orbitals of B 
are both plotted in black and blue lines before and after adsorption. 
Besides, the p orbitals of B are plotted in purple and green lines 
before and after adsorption. The dotted line in the figure is to show 
the change of energy width of the orbit. We choose the most 
representative interaction atoms including Fe6-H2, Fe18-H4, Fe20-
H6, B3-H7, B5-H9, and F66-H11. After adsorption, there is a bonding 
between Fe and H. The s states of H shift down to lower energy 
states, which are further away from the Fermi level. From Fig. S3a-c, 
H-s orbitals keep moving to lower states and then move to higher 
states according to Fig. S3d-f. This is consistent with the above-
mentioned statement that the adsorption energy climbs up through 
adsorbing the first to the third H2 and then decline through adsorbing 
the fourth to the sixth H2. Therefore, it is deduced that Fe3B phase 
tends to be saturated and not so easy to adsorb H2 after the 
adsorption of three H2. According to the PDOS, Fe-3d hybridize with 
the H-s orbitals mainly in the range from -8 to -4 eV. There is a 
significant increase in the orbital width of Fe atoms and this trend 
becomes more obvious in Fig. S3a-c. Combining with the evidence 
that B starts to participate in the fourth and fifth H2 adsorption 
systems, it is reasonable to believe that hydrogen is only weakly 
adsorbed at the B sites. The orbitals of B hybridize with that of H, 
which is not consistent with the small adsorption energies. However, 
the charge transfers are relatively small and it may be confirmed that 
hydrogen adsorption is dominated by charge transfer. The obvious 
hybrid peak appears between the H-s orbital and the B-s or B-p 
orbital. This orbital hybridization tends to form a covalent bond 
between H and B. 

ELF is used to study different bonding interactions. ELF values 
are calculated from excess kinetic energy density due to the Pauli 
mutual exclusion and the Thomas–Fermi kinetic energy functional.24 

It should be noted that a higher value of ELF stands for a stronger 
localization region which is better for finding an electron or a pair of 
localized electrons. For a covalent bonding, ELF goes to a large value 
ranging from 0.6 to 1. While for an ionic boning, ELF goes to a small 
value ranging from 0 to 0.5. The ELF contour maps of the first to sixth 
H2 adsorbed on Fe3B are shown in Fig. 4. Both of the two-dimensional 
images were calculated from the best plane containing the relevant 
H2 and adsorption site. The region with strong localization tends to 
be red while that with strong delocalization tends to be blue.

Fig. 4 ELF maps of the first to sixth H2 adsorbed on Fe3B.
According to the ELF maps (Fig. 4), the ELF value is close to 1 at 

the H site, indicating a highly localized electron position. The 
hydrogen in the gas phase is connected by a highly localized covalent 
bond, and the degree of electron localization is significantly reduced 
after full activation. In contrast, the Fe and B sites are highly 
delocalized since their ELF values are close to zero. These notable 
differences confirm that Fe3B donates electrons to H2. H and Fe/B 
tend to form ionic bonds because of the relatively low ELF value (0-
0.5). The ELF contours of H atoms in (a)-(c) are not spherically shaped 
but polarized to Fe atoms because of the repulsive force between the 
negatively charged H atoms. This polarization, in turn, reduces the 
interaction of H2 thus leading to a shorter H-H bond. The degree of 
delocalization degree of B3 and Fe15 atoms in Fig. 4d and 5e are 
relatively stronger than before, indicating a weak interaction 
between H2 and Fe3B. Therefore, there is a significant decrease in 
adsorption energies. The smaller increase of adsorption energy 
finally can be attributed to the reduced delocalization degree of Fe 
(Fig. 4f).

Firstly, as one of the most important parameters of 
experiments, the effect of temperature on hydrogen storage should 
be considered.25,26 Thermodynamics analysis of the system was 
conducted for further applications based on the calculation of Gibbs 
free adsorption energy (ΔG) under different temperatures. The 
vibrational frequency was performed through the numerical Hessian 
calculations with finite displacements of ± 0.02Å. In order to evaluate 
the hydrogen storage capacity, ΔG of the first to the sixth H2 
adsorption on Fe3B were plotted ranging from 298.15 to 1000 K (Fig. 
S5). Noted a negative value of ΔG indicates that the adsorption 
process can occur spontaneously. And the more negative of ΔG, the 
stronger interaction between H2 and Fe3B.

It is found that all of the ΔG values increase with the rise of 
temperature, indicating that temperature has an inhibition effect on 
the adsorption. From Fig. S4, it is worth noting that the adsorption 
order is consistent with the above calculations and analysis. All of the 
ΔG values of the first, second, and third H2 adsorption remain 
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negative under a lower temperature range. In contrast, the ΔG values 
of the fourth, fifth, and sixth H2 adsorption are mostly positive which 
indicates that H2 adsorption is no longer easy to occur at Fe3B. As 
expected, the absorption of the third H2 is the most favorable 
reaction under 500 K. Meanwhile, according to Fig. S4, for the 
required condition for the release of the first, second, third, fourth, 
fifth, and sixth H2 are all under the experimental temperature (538 
K).

In order to further investigate the dehydriding ability and 
thermal stability of Fe3B, desorption kinetics of the adsorbed H2 on 
Fe3B+6H2 were investigated by AIMD. The AIMD simulations was 
performed using the VASP package, for up to 10 ps with a time step 
of 1 fs. To be consistent with the experimental conditions, the whole 
simulation process was also conducted under 538 K. The 
displacement of hydrogen was measured as the bond length of Fe-H 
and marked in blue in Fig. 5. As shown, H begins to displace after 
about 5500 fs of simulation. The peak occurs at about 6000 fs, which 
means the longest displacement with a value of 15.98 Å. According 
to Fig. 5, the potential energy of Fe3B+6H2 (black line), is constantly 
decreasing until 6000 steps, where shows an equilibrium state shock. 
The escaped H in Fig. 5 are H1 and H12. They both have smaller 
charge transfers in adsorption processes, so they interact with Fe3B 
weakly and are easy to be removed. With the AIMD simulation 
results, it can be concluded that Fe3B has the ability to release H2 at 
538 K, in good agreement with previous experiments.5 Since Fe is one 
of the most abundant elements in the Earth’s crust, both the origin 
and cost of Fe-based materials are rather competitive for hydrogen 
storage when compared to Mg-based materials.

Fig. 5 AIMD profiles of the H2 desorption on Fe3B+6H2 at 538 K.
In this paper, the adsorption characteristics of the first to sixth 

H2 on Fe3B were studied by DFT calculations. Dissociative adsorption 
is a favorable adsorption type of H2, resulting in two separate H on 
Fe3B. The adsorption energy increases at first and then decreases 
with a higher H coverage, reaching saturation when the H2 coverage 
is 0.5. The Fe sites are more favorable for hydrogen activation and 
adsorption, compared to the B sites. The interaction type of H2 on 
Fe3B is dominated by ionic bonds which brings about a strong 
adsorption strength. Dehydrogenation performance of Fe3B can be 
ensured under the temperature of 538 K, in good agreement with 
the previous experiments.
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For Fe3B, the adsorption energy of H2 reaches the maximum at the 

coverage of 0.5, and the onset dehydrogenation temperature is 538 

K.
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