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The bonding flexibility of hydrogen is a source of various interesting functionalities in hydrides. Here, we
illustrate the benefits of this flexibility through several selected examples of recent progress in the devel-
opment of hydrogen storage materials. From the viewpoint of electronegativity, we discuss the diverse
cohesion and materials science underlying the bonding flexibility of hydrogen in hydrides.
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1. Introduction

Hydrogen, although having only one electron, exhibits an
exceptionally rich chemistry, forming various chemical bonds in
materials. For an intuitive understanding, Fig. 1 illustrates such a
bonding flexibility of hydrogen with a tetrahedral diagram (here-
after, ‘‘hydrogen diagram’’). The spheres occupying each vertex of
the diagram represent four ideal chemical-bonding states in which
hydrogen occurs: (i) interstitial hydrogen (H0, �0.53 Å in radius
[1]) dissolved in the metal lattices, (ii) proton (H+, �0 Å in radius
[2]) normally found in acids, (iii) hydride ion (H�, 1.4–2.1 Å in
radius [1,3]), as in the perovskite hydrides, and (iv) covalently
bonded hydrogen (Hcov:;�0.37 Å in radius [4]), as in the complex
hydrides.

In actual materials, hydrogen occurs in intermediate states
away from the vertices. A good example is the perovskite hydride
LiNiH3, which possesses a metallic electronic structure in which
substantial hybridization occurs between the Ni spd and H 1s states
[5,6], even though the ideal perovskite structure is normally
observed in ionic hydrides. In this case, hydrogen would occur at
the edge between H� and Hcov: in the hydrogen diagram. In addi-
tion, several materials that contain multiple hydrogen atoms with
obviously different chemical-bonding states exist [7–12]. For
instance, the complex transition-metal hydride Na2Mg2FeH8

contains two H� ions in addition to a transition-metal hydride
complex, [FeH6]4�, whose cohesion is dominated by covalent
interactions (Hcov:) [10]. In this case, the two types of hydrogen
would appear separately in the diagram. As such, the hydrogen
diagram covers all such flexible chemical-bonding states.

The bonding flexibility of hydrogen leads to various functional-
ities in hydrides, including hydrogen storage [7,10,13–17], fast
ionic conductivity [18–23], superconductivity [24–28], magnetism
[29,30], and metal–insulator transition [8,31]. The monovalency of
the H� ion provides tunability of the charge state when incorpo-
rated into materials or substituted for elements with different
valence charge states. This tunability enables the inclusion of a
wider variety of cations, thereby enabling tuning of material prop-
erties, such as hydrogen dissociation temperature [10,11] and the
occurrence of spin ordering [29]. The high solubility of monoelec-
tronic H0 in metals allows the fine tuning of the electron count,
leading to a drastic change in the optical properties of host mate-
rials [8,31]. In particular, the recent discovery of a 190-K supercon-
ducting phase in hydrogen sulfide under compression [30] has led
to a renewed interest in hydrogen-rich materials [27,28]. In these
materials, a large amount of hydrogen would have already
undergone a form of chemical precompression, leading to metal-
lization at a pressure much lower than that predicted for pure
hydrogen [24].

Besides the technological importance of hydrides, there is also a
considerable scientific interest in unraveling their diverse cohe-
sion. A key to the flexibility of hydrogen would be the specific elec-
tronegativity, which is of average magnitude among all the
elements, leading to a drastic change in the chemical-bonding
states depending on which elements hydrogen interacts with and
on the presence of even small perturbations. In turn, the specific

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scriptamat.2015.07.024&domain=pdf
http://dx.doi.org/10.1016/j.scriptamat.2015.07.024
mailto:shigeyuki.takagi@imr.tohoku.ac.jp
http://dx.doi.org/10.1016/j.scriptamat.2015.07.024
http://www.sciencedirect.com/science/journal/13596462
http://www.elsevier.com/locate/scriptamat


Fig. 1. Hydrogen diagram. This diagram illustrates the bonding flexibility of
hydrogen with a tetrahedron; the spheres located at each vertex represent a proton
(Hþ), a hydride ion (H�), covalently bonded hydrogen (Hcov:) and neutral hydrogen
(H0).

Fig. 2. Schematic of the formation of the electronic structure of Mg2FeH6 from the
energy levels of the Fe 3d, Fe 4s, Fe 4p, and H 1s orbitals in the octahedral ligand
field with Oh point group symmetry.
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electronegativity of hydrogen causes difficulty in quantitatively
understanding the chemical bonding related to hydrogen and
thereby often provokes controversy [32–35].

In this Viewpoint, recent progress in the development of hydro-
gen storage materials is taken as an example to explain the benefits
of the bonding flexibility of hydrogen. We then discuss the diverse
cohesion in hydrides and the materials science underlying this
flexibility from the viewpoint of electronegativity.
2. Recent progress in solid-state hydrogen storage

Solid-state hydrogen storage is divided into several classes
according to the storage medium used. A prototypical medium is
metallic hydrides, such as TiFeH2, in which hydrogen interstitially
dissolves into the metal lattices, primarily as H0. Some of these
materials exhibit very promising properties, such as fast reaction
kinetics, reversible hydrogen uptake/release under modest tem-
perature and pressure conditions, and high volumetric hydrogen
capacity; however, their gravimetric hydrogen capacities are insuf-
ficient for automotive applications [36] (e.g., the US Department of
Energy’s system target for 2017 is 5.5 mass% [37], which is much
higher than the 1.9 mass% of TiFeH2 alone).

Among the methods spanning many approaches, one involving
the use of complex transition-metal hydrides has a clear advantage
in volume and weight efficiencies and has thus attracted attention
for many years. The major disadvantage of this method is the high
hydrogen dissociation temperature that arises from the high ther-
modynamic stability of the complex transition-metal hydrides,
which makes reversible room-temperature applications challeng-
ing. For example, dimagnesium iron(II) hydride (Mg2FeH6), which
is composed of only abundant elements, reversibly stores 150 kg
H2/m3 and 5.5 mass% of hydrogen; however, its operating temper-
ature reported is approximately 773 K [38].

The complex transition-metal hydrides used as the storage
medium in this method refer to the insulating hydrides that con-
tain homoleptic transition-metal hydride complexes such as
[FeH6]4� [7,13,39]. The ligand-field effects play a key role in the
formation of the hydride complexes [10,12,40–43], as discussed
in detail below.

Fig. 2 shows a schematic for the formation of the electronic
structure of a prototypical complex transition-metal hydride,
Mg2FeH6, from energy levels of the constituent elements (note that
this material consists of two magnesium atoms and an FeH6 struc-
tural unit, in which the iron atom is octahedrally coordinated by
six hydrogen atoms). In the octahedral H ligand field with Oh

point-group symmetry, the Fe 3d, 4s, and 4p orbitals hybridize with

H 1s orbitals (sp3d2 hybridization), forming six bonding states
(nondegenerate a1g , threefold degenerate t1u, and twofold degener-
ate eg symmetry states), three nonbonding states (threefold degen-
erate t2g symmetry states) and the corresponding antibonding
states (a�1g ; t

�
1u, and e�g symmetry states). All of the bonding and non-

bonding states are fully occupied by the eighteen electrons, and the
Fermi level falls in the gap between nonbonding and antibonding
states. The electropositive Mg orbitals occur further above the anti-
bonding states and thus donate a total of four electrons to the FeH6

unit. As such, the cohesion of the FeH6 unit is dominated by the
Fe-H covalent interactions stabilized by the charge transfer from
electropositive Mg, leading to high thermodynamic stability in
this material. On the basis of hydrogen diagram in Fig. 1, the six
hydrogen atoms forming the hydride complexes can primarily be
understood as Hcov:.

From the electronic structure viewpoint, one expects that the
thermodynamic stability of Mg2FeH6 can be tuned through modi-
fying the covalent interactions in the hydride complexes by alter-
ing the charge transferability of counterions, i.e., by cation
selection. In this context, Miwa et al. theoretically examined the
correlation between the cation electronegativity and the thermo-
dynamic stability in a series of (M;M0)2[FeH6]4� complex
transition-metal hydrides in which two Mg atoms in Mg2FeH6

are substituted by the various elements with different electroneg-
ativities [17], similar to the approach Nakamori et al. used to inves-
tigate a series of MðBH4Þ�x borohydrides [14].

The black open circles in Fig. 3 show the standard heats of for-
mation of complex transition-metal hydrides (M;M0)2FeH6 as a
function of the cation electronegativity on the Allred-Rochow scale
[44]. As expected from the bonding scheme, a linear correlation
between them is clearly observed; i.e., the thermodynamic stabil-
ity of Mg2FeH6 can be tuned by substitution of Mg with elements
having different electronegativities.



Fig. 3. Standard heat of formation DHform as a function of cation electronegativity
on the Allred-Rochow scale vAR for two types of complex transition-metal hydrides
(M;M0)2[FeH6]4� and (M;M0)4[FeH6]4�H�2 . A valency-averaged electronegativity was
used for mixed-cation systems. The standard heats of formation for
(M;M0)2[FeH6]4� and (M;M0)4[FeH6]4�H�2 were taken from Refs. [17,10], respec-
tively. Solid lines denote least-squares fits to the results. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Although this correlation provides a useful insight into the
rational design of new complex transition-metal hydrides, the tun-
ability of the thermodynamic stability is practically limited to
some extent because of a small number of possible combinations
of cations to compensate the tetravalent charge state of the
[FeH6]4� anion. One strategy for increasing these combinations is
to increase the total anionic charge state [42]. For this purpose,
we here introduce a novel method for increasing the charge state
by incorporating H� ions into complex transition-metal hydrides
[10], as depicted in Fig. 4.

The blue solid circles in Fig. 3 show the standard heats of forma-
tion of (M;M0)4FeH8, which is composed of an [FeH6]4� anion, two
incorporated H� ions, and a total of four cations that compensate
the hexavalent anionic charge state, as a function of cation elec-
tronegativity. As evident in the figure, we observed a correlation
between the cation electronegativity and the standard heat of
formation in the complex transition-metal hydrides with a
Fig. 4. Crystal structure of typical complex transition-metal hydrides (a) Mg2FeH6

and (b) Na2Mg2FeH8 containing two incorporated H� ions.
hexavalent anionic charge state formed by the [FeH6]4� anion
and the two incorporated H� ions; this correlation is similar to that
observed in the case of (M;M0)2FeH6 with a tetravalent anionic
charge state. Thus, the increased number of combinations of
cations resulting from the incorporation of H� ions enhances the
tunability of the thermodynamic stability.

To summarize the discussion thus far, the bonding flexibility of
hydrogen contributes to the modification of the thermodynamic
stability of complex transition-metal hydrides in two ways: (i) as
Hcov:, where the covalent interactions with the coordination center
are tuned by charge transfer from counterions, or (ii) as H�, which
enhances the tunability of thermodynamic stability through
increasing the combinations of countercations. These findings will
be beneficial in obtaining materials with optimal stability for
reversible room-temperature hydrogen storage applications.
Notably, the incorporation of H� ions also effectively increases
the hydrogen content, e.g., the gravimetric hydrogen density of
the hypothetical Li3AlFeH8 studied in Ref. [10] reaches 7.2 mass%,
which is approximately 30% higher than that of Mg2FeH6 and
would be the highest reported density for a complex
transition-metal hydride (cf. 6.7 mass% for Li4FeH6 [45,46]), if this
material can be synthesized.
3. Materials science underlying the flexibility of hydrogen

Since Pauling proposed the concept of electronegativity [47],
the electronegativity difference (DEN) has been widely used to
classify heteroatomic chemical bonding, although it has been rec-
ognized to provide only an approximate division. In general, the
heteroatomic bonds with DEN less than 1.7 on the Pauling scale
are characterized as predominantly covalent, whereas the others
are described as predominantly ionic.

Sproul proposed a new method of classification that involves
the use of a two-dimensional plot of lower electronegativity vs.
higher electronegativity in the heteroatomic bonds [48], instead
of DEN, as shown in Fig. 5. The basic idea of this approach is to
avoid any information loss by using both the electronegativities
as they are (note that the conversion of two electronegativities into
DEN causes a loss of half of the inherent information). This method
Fig. 5. Two-dimensional plot of the electronegativities of two elements forming
heteroatomic bonds proposed by Sproul [48]. The electronegativities of represen-
tative elements on the Allred-Rochow scale are shown.
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successfully divides the representative 312 binary compounds
whose bond type is well known into covalent, ionic, and metallic
compounds, with only a 4% overall error (the conventional DEN
causes a 16% error). Briefly, according to this method, the binary
compounds with a higher electronegativity less than 2.20 are char-
acterized as having metallic character, whereas the remaining
compounds are divided into covalent and ionic compounds,
depending on whether the lower electronegativity is greater than
1.70, respectively. It should be emphasized that the boundary of
metallic, ionic, and covalent compounds lies on the vertical line
with a higher electronegativity value of 2.20, corresponding
exactly to that of hydrogen, as shown in Fig. 5. Accordingly, when
hydrogen forms heteroatomic bonds with the more electropositive
elements, this method cannot classify their bonding character.
Thus, the specific electronegativity of hydrogen provides bonding
flexibility and, in turn, causes the difficulty in quantitative classifi-
cation of the chemical bonding in hydrides.

The flexibility and difficulty in quantification appear promi-
nently in the interactions between hydrogen and transition-
metal elements. The electronegativity of transition metals is lower
than that of hydrogen; therefore, all of the conceivable bonds
extend along the vertical line at higher electronegativity EN = 2.2
in Fig. 5. Taking a series of 3d transition metals as an example,
the electronegativity gradually increases from 1.20 (Sc) to 1.75
(Ni and Cu) when going from left to right along a period and steps
over the value of 1.70 that divides the covalent and ionic characters
(horizontal line with lower electronegativity at EN = 1.7 in Fig. 5) at
Group 9 (Co, whose electronegativity is 1.70) on the Allred-Rochow
scale [44]. Thus, on the basis of Fig. 5, the chemical bonding
between hydrogen and 3d transition metals can be divided into
ionic/metallic and covalent/metallic characters according to
whether the transition metal is located on the left or right side of
Co in the periodic table, respectively. This prediction differs some-
what from experimental observations, as follows.

Whereas the early transition metals in Groups 3–5 form binary
metal hydrides, in which hydrogen exists as H� (ionic) or H0

(metallic), the others, except for palladium, do not form any stable
binary hydrides under ambient conditions (i.e., the hydride gap
[49]). Meanwhile, the elements belonging to the hydride gap form
a varied set of transition-metal hydride complexes with H
Fig. 6. Schematic image of the interaction between hydrogen and the 3d transition-
metal elements. The discovery of the first Group 6 hydride complex [CrH7]5� in
Mg3CrH8 indicates that the true boundary for the formation of transition-metal
hydride complexes lies between Groups 5 and 6.
coordination modes ranging from fourfold to sevenfold [7,12], as
schematically depicted in Fig. 6. Thus, the experimental observa-
tions indicate that the boundary between ionic/metallic and cova-
lent characters lies between vanadium and chromium.

This discrepancy could be a consequence of the ligand-field
effects in hydride complexes, which promote the
structure-dependent hybridization between the H 1s and
transition-metal spd states, leading to enhanced covalency, as pre-
viously discussed. For example, from an electronegativity view-
point, the Fe-H and Mn-H bonds should be classified as
ionic/metallic; however, they are actually dominated by covalent
interactions in the hydride complexes [FeH6]4� [17,10] and
[MnH6]5� [40,41], respectively. Furthermore, we recently reported
that the pentagonal-bipyramidal H ligand field with D5h

point-group symmetry allows the formation of strong r-bonds
between hydrogen and Group 6 element chromium in [CrH7]5�,
which demonstrates that the true boundary for the formation of
homoleptic transition-metal hydride complexes, i.e., Hcov:, lies
between Groups 5 and 6 [12], as shown in Fig. 6.

As previously discussed, the chemical bonds between hydrogen
and transition-metals extend exactly on the boundary that divides
metallic, ionic, and covalent characters; therefore, even small per-
turbations, such as the aforementioned structure-dependent
hybridization induced by ligand-field effects, significantly affect
the classification. This situation is quite different from those for
other typical electronegative elements such as nitrogen, oxygen,
and fluorine. In the case of oxygen, for example, the long-range
Coulomb interaction in solids primarily stabilizes the O2� ion in
metal oxides, although modest covalent contributions may exist.
Given such a situation, the structural information, such as the H
coordination modes (coordination number and point-group sym-
metry) must be considered, at least in the quantitative understand-
ing of chemical bonding in hydrides.
4. Summary and conclusions

In this Viewpoint, we attempted to highlight both the techno-
logical importance and scientific interest in bonding flexibility of
hydrogen in hydrogen-rich materials, which we illustrated with
several selected examples of recent progress in the development
of hydrogen storage materials. In these materials, the bonding flex-
ibility plays a key role both in tuning the thermodynamic stability
strongly related to the hydrogen dissociation temperature and in
achieving greater hydrogen contents. We discussed the materials
science underlying the bonding flexibility on the basis of the suc-
cessful Sproul’s method and demonstrated that the specific elec-
tronegativity of hydrogen provides its flexibility and, in turn,
causes the difficulty in quantitatively understanding the cohesion
in hydrides.

Chemical bonding is essentially a source of various properties of
condensed matter. Given the diverse cohesion in hydrides, as
demonstrated in ‘‘hydrogen diagram’’, hydrogen-rich materials
are likely to exhibit novel functionalities and must therefore be
further explored. We hope the current discussion is useful in the
development of novel hydrogen-rich materials.
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