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Introduction

A hydrogen economy has the benefits of achieving long-
term energy security and minimizing environmental hazards
but its implementation faces many technical barriers. One
such barrier is the lack of lightweight, high-density, low-cost
hydrogen storage technologies.[1,2] Over the past decades,
many advanced materials including complex metal hy-
drides,[3] chemical hydrides,[4,5] and metal–organic frame-
works[6–8] have been explored as potential on-board hydro-
gen storage candidates. In particular, the lightweight com-
plex metal hydrides (MAlH4 and MBH4, M: alkali metal)

enhanced by 3d-transition metal (TM) compounds offer a
promising opportunity as solid-state hydrogen storage media
for transportation applications due to Bogdanovic and
Schwickardi�s breakthrough discovery with Ti-doped
NaAlH4.

[9] The discovery stimulated a large number of stud-
ies aimed at unraveling the role played by Ti as well as the
mechanism of hydrogen adsorption and desorption in Ti-cat-
alyzed NaAlH4. Great efforts have also been devoted to
reduce the hydrogen release and recharging temperatures
by improving the kinetics of the NaAlH4-based systems.[10–17]

A recyclable hydrogen capacity of about 4 wt % in Ti-doped
NaAlH4 has been achieved routinely with reasonably good
kinetics below the melting point.[18–20] Although the hydro-
gen capacity of the Ti-doped NaAlH4 would not meet the
target set by the US Department of Energy, the system
serves as a useful prototype to understand the hydrogen in-
teraction in similar complex metal hydrides. Understanding
the origin of the enhanced hydrogen cyclic property by
doping Ti in NaAlH4 is expected to be helpful in the design
of new hydrogen storage materials with much improvedACHTUNGTRENNUNGperformance.[3,21–28]
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Clearly, catalysts are essential in systems that store hydro-
gen chemically to meet the demand of transportation appli-
cation. In Al- or B-based complex hydrides, the catalyst
should weaken the Al�H or B�H bonds by either interact-
ing with H directly or through the Al (B) atom, whereas the
nascent bonds formed between the catalyst and hydrogen
should not be too strong to prevent hydrogen from combin-
ing to form molecular hydrogen and desorbing from the
system. During the recharging phase, the catalyst should
assist in breaking the molecular hydrogen bond but not pre-
vent the hydrogen atoms from migrating to Al (B) sites.
Consequently, the hydrogen atoms formed from the dissoci-
ation at the active site will be mobile enough to be trans-
ferred to the surrounding host atoms. An ideal catalyst
should provide a balanced effect on hydrogen interaction
for hydrogen desorption and adsorption in the complex
metal hydrides.

In the search for catalysts with the highest performance
for hydrogen release/uptake in complex metal hydrides, par-
ticularly in NaAlH4, extensive studies have been carried out
by examining the effect of adding various metal compounds
including 3d-TM elements as well as Zr, Ag, Cd, Ce.[19,29]

These investigations demonstrated that TiCl3 was the best
among the compounds examined at achieving rapid hydro-
gen release. Very recently, NaAlH4 ball-milled with ScCl3

was shown to exhibit even better cyclic property and kinet-
ics than TiCl3 at the same level.[30,31] The results of ScCl3-
doped NaAlH4 are consistent with the general conclusion
that 3d TMs from left to right in the periodic table exhibit
diminishing catalytic reactivity and the cationic radius could
be used as an indicator of dehydrogenation activity.[29] On
the other hand, the underlying origin that determines the
catalytic activity of the dopants in NaAlH4 remains unclear.

Previously, we predicted an interstitial TiAl3H12 complex
structure to be the most stable species in both Ti-doped
NaAlH4ACHTUNGTRENNUNG(001) and (100) surfaces based on density functional
theory (DFT) slab calculations.[32,33] Our prediction of the
complex structure was confirmed by a recent experimental
study: the interstitial structure was shown to account for
75 % of all Ti doped in NaAlH4.

[34] Our previous results also
showed that hydrogen desorption energies from many posi-
tions of the TiAl3H12 complex structure were reduced con-
siderably as compared with that from an undoped clean sur-
face. We further demonstrated that the formation of
TiAl3Hx not only promoted dehydrogenation locally from
the complex but also had an extended effect on the sur-
rounding AlH4

� units by reducing the hydrogen desorption
energy in the extended structure or by transferring hydrogen
to the local complex structure. On the other hand, many
other computational studies have been based on the bulk
NaAlH4 structure and focused on the substitutional mode of
doping, that is, replacing either Na or Al with Ti.[28,35,36]

Araujo et al. suggested that the thermodynamic stability of
metal hydrides can be changed by this substitution. Titanium
is less metallic than either Na or Li. Consequently, Ti has a
lower ability to donate its electrons than Na and Li. As
such, the Al�H bonds in the tetrahedral structure will be

weakened due to electron-deficiency after Li or Na was sub-
stituted by Ti. According to these arguments, however, the
late 3d TMs (Fe, Co, Ni, Cu, Zn) would be more efficient at
weakening the Al�H bonds due to the even lower ability of
donating electrons, contrary to the experimental observa-
tions of doping various TMs in NaAlH4.

[29]

The geometrical and electronic structure of the active site
can be as important as the intrinsic chemical interaction in
the catalytic complex in controlling the overall performance
of the catalyst. For a system involving TM elements, the 18-
electron rule was evoked to explain the stability of the com-
plexes with different ligands.[37] The discovery by Kubas and
co-workers of the tungsten complex with an h2-bound H2

ligand[38] as well as its generalization to other s bonds as li-
gands has led to the identification of a large number of com-
plexes.[39,40] The concept has also been exploited in searching
for and designing new hydrogen storage candidates compu-
tationally.[41] The maximum number of hydrogen molecules
absorbed by a conjugated compound-bound TM in a Kubas
complex has been shown to be consistent with the 18-elec-
tron rule.[42–46] Kiran et al. extended such concepts to inter-
actions between transition metals and organic molecules
such as C4H4, C5H5, and C8H8 in their design of hydrogen
storage materials.[47]

The previously reported dihydrogen or s-bond complexes
are molecular complexes.[39] With the identification of the
TiAl3H12 complex structure in a periodic DFT calculation,
we would generalize the dihydrogen and s-bond as ligands
of a complex to the extended systems found in a solid-state
environment. Accordingly, dehydrogenation and rehydroge-
nation reactions in Ti-doped NaAlH4 can be viewed as the
exchange of s-bond ligands: Al�H and H�H. The dihydro-
gen complexes with co-ligands will allow us to explore the
catalytic mechanism by homolytic or heterolytic s-bond acti-
vation at the TM center.

Herein, we report a systematic study of 3d-TMs (Sc, Ti, V,
Cr, Mn, Fe, Co, Ni) doped in the NaAlH4ACHTUNGTRENNUNG(001) surface. The
structures and energetics of Sc- and Ti-doped NaAlH4 have
been reported previously.[32, 33,48] Here, we combine them
with the new results for the remaining 3d TMs and hope to
unravel the effect of dopants on hydrogen interaction in
NaAlH4 by comparing the geometry and energetics as well
as by examining the changes in electronic structure. In par-
ticular, we will examine the s-bond interaction with the
doped TMs and explore its role in stabilizing the complex as
well as catalyzing dehydrogenation and rehydrogenation.
The approach and understanding can be applied in the
search for a more efficient catalyst for other high capacity
complex hydrides such as LiBH4, LiAlH4, and Mg ACHTUNGTRENNUNG(AlH4)2.

Results and Discussion

Structural stability and its correlation with the eighteen-elec-
tron rule : The preferred sites of Ti in NaAlH4 have been a
central issue of many theoretical investigations. The conclu-
sion often depends on the doping model as well as the refer-
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ence states of elements involved. Many previous theoretical
studies have been performed by doping Ti in the NaAlH4

bulk structure.[28,35,49] Only a few studies adopted the surface
models.[28,50] Even in those studies, only substitutional
doping modes were examined. In our studies, we chose the
NaAlH4 surfaces and explored different doping modes on
the basis of the surface model. Our selection of the surface-
based models was based on the fact that hydrogen release/
uptake in the NaAlH4-based materials has to be achieved
through the particles constantly exposing their surfaces.

In the previous study, we explored a series of possible po-
sitions for Ti when Ti was doped in NaAlH4ACHTUNGTRENNUNG(001) and
NaAlH4ACHTUNGTRENNUNG(100).[32,33] These possible positions resulted in six
structures. We grouped these six structures into three types
of interaction modes: 1) Ti occupies the interstitial site
formed from three AlH4

� units of the first and second
layers; 2) Ti is adsorbed on the surface and connecting with
H or Al atoms; 3) Ti substitutes the Na atom in the lattice
and pushes the Na atom either down into bulk or up on the
surface. These interaction modes from Ti were used as a
template in the subsequent studies of other TMs, including
Sc, V, Cr, Mn, Fe, Co, Ni. The initial structures of doping
other 3d elements were constructed by replacing Ti with the
element of interest. The structure was then allowed to opti-
mize self-consistently.

In our calculations, the relative stability of different
doping modes does not depend on the reference state for an
individual TM. However, the reference states (bulk or
atom) of TMs will affect the relative binding energies when
the binding energies of different TMs are compared. Herein
we chose the bulk state of each TM as the reference state
based on the fact that the bulk states are the standard ther-
modynamic state. The binding energies were calculated ac-
cording to Equation (1):

Ebind ¼ EtotðTM-NaAlH4Þ�EtotðNaAlH4Þ�EtotðTMÞ ð1Þ

where Etot(TM-NaAlH4), EtotACHTUNGTRENNUNG(NaAlH4), and Etot(TM) are
the total energies of the relaxed TM-doped NaAlH4ACHTUNGTRENNUNG(001)
surface, the clean NaAlH4ACHTUNGTRENNUNG(001) surface, and the bulk TM,
respectively.

The binding energy for each TM doped in the NaAlH4-ACHTUNGTRENNUNG(001) surface was plotted in Figure 1. We note that all bind-
ing energies are positive, indicating that energy has to be
supplied to force the TM atom into different positions. This
energy may be provided through ball-milling or other
doping techniques prior to hydrogen release/uptake cycles.
During hydrogen cycles, Ti, as well as other TMs, seem to
favor the phase-separated bulk structure as indicated in
Figure 1. However, a highly dispersed and more stable Ti–
Al alloy phase on the surface of Al particles has been ob-
served after dehydrogenation.[23,24,51] The phase-separation
of forming a bulk-like TM may occur and lead to the loss of
hydrogen cycling capacity in the long term, which is consis-
tent with the experimental observation.[9,14] We also note
that binding energies of the two structures in the same
doping mode follow a similar trend. For example, the bind-

ing energy of Inter_1 follows that of Inter_2 from left to
right of the periodic table. On the other hand, the binding
energy of surface adsorption modes (Surf_1 and Surf_2)
varies differently from that of the interstitial modes (Inter_1
and Inter_2). Similar to Ti-doped NaAlH4ACHTUNGTRENNUNG(001) and
(100),[32,33] the interstitial structures are more stable than the
structures resulting from other doping modes for Sc–Co.
Only in the case of doping Ni, the surface adsorption mode
becomes more stable. Figure 1 also shows that the energy re-
quired for forming the interstitial structure decreases from
Sc to Cr, and then increases slightly from Cr to Co. Conse-
quently, both early and late TMs (Sc, Ti, Co, Ni) show
weaker binding with NaAlH4ACHTUNGTRENNUNG(001) than the middle TMs
(Cr, Mn, and Fe) in the interstitial doping modes.

The difference in stabilities between the interstitial and
surface structures can be understood by correlating the
ligand number of the TM with the 18-electron rule. As indi-
cated in the Introduction, both Al�H and H�H s bonds can
be considered as ligands, following Kubas� generalization.[39]

Therefore, there are four Al�H ligands in the surface ad-
sorption structure discussed above, whereas six Al�H li-
gands interact with TMs in the interstitial structure. The
total number of electrons available to the TM can be count-
ed as given in Equation (2):

Nte ¼ Nve þ 2�Nle ð2Þ

where Nte, Nve, and Nle are the total number of electrons, the
number of valence electrons, and the number of Al�H li-
gands, respectively. An Al�H bond was considered to con-
tribute two electrons to the TM whether the bond remained
intact or was broken. We should point out that the high-spin
state of the complex makes it coordinate with less ligands
because of singly occupied orbitals. Furthermore, the infinite
nature of the periodic system makes a quantitative compari-
son with a traditional complex difficult. However, we do
hope to demonstrate that a qualitative picture with regard

Figure 1. DFT-PBE binding energies of 3d TMs doped in NaAlH4ACHTUNGTRENNUNG(001)
surface with different doping modes. The bulk state of the transition
metal was used as reference.
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to the relative stability of various doping modes emerges
based on the 18-electron rule.

Among the TM complexes, CrAl3H12 (Nve =6, Nle =6) is
the most stable. The early or late TM complexes show
weaker binding because of either electron deficiency (Nte<

18) or excess (Nte>18) with respect to 18 electrons required
by TMs. The stability of the surface adsorption structures,
with four Al�H ligands, increases with the increasing
number of d electrons, in agreement with the 18-electron
rule. The surface structure formed with Ni, with two AlH4

�

units and each contributing two Al�H ligands, is the most
stable, which is consistent with the fact that there are exactly
18 electrons in the surface complex formed with Ni. The
ligand and electron counting in the substitutional structures
are not straightforward. However, a general trend of de-
creasing the number of Al�H ligands was still observed in
those structures. Similar analysis can be applied to other Al-
and B-based complex hydrides such as LiAlH4, Be ACHTUNGTRENNUNG(AlH4)2,
LiBH4, and Be ACHTUNGTRENNUNG(BH4)2. All these hydrides have been consid-
ered as promising hydrogen storage materials.

TMAl3H12—Geometrical and electronic structures : To fur-
ther understand the interaction between the TM atom and
surrounding NaAlH4, we explored the geometrical and elec-
tronic structures based on the most stable interstitial
TMAl3H12 structure, Inter_1. Figure 2 shows the variation of

bond lengths as a function of TM. A schematic structural
model was included in the inset of Figure 2 to label the
atoms and to show the corresponding bonds. As shown in
the schematic model, TMAl3H12 possesses C2 symmetry, and
the two Al atoms, Al2 and Al3, are equivalent. As such, we
only show the results of TM interacting with the Al1 group
(Al1, H1, H2, H11, H12) and the Al2 group (Al2, H3, H4, H7,
H9). We grouped the hydrogen atoms in the local structure
into two groups: outside (H1–6) and inside (H7–12) hydrogen.

As shown in Figure 2, early TMs (Sc–V) interact more
strongly with the Al1 group than with the Al2 group, mani-
fested by the fact that the Al1�H11 and Al1�H12 bonds (from
the Al1 group) were completely broken, whereas the Al2�H7

and Al2�H9 bonds were elongated but remained bonded.
The major decrease in the Al1�H11 distance occurs from
ScAl3H12 (2.854 �) to CrAl3H12 (1.918 �). From CrAl3H12 to
NiAl3H12, the Al1�H11 distance was only changed by 0.160 �
from 1.918 to 1.755 �. The decrease is accompanied by an
increase in the number of d electrons in the TM. In the
TMAl3H12 structure formed with Sc and Ti, two original Al�
H bonds (Al1�H11 and Al1�H12) were completely broken,
and the dissociated H atoms (H11 and H12) were displaced
from Al1 to being shared by Al2 (or Al3) and the TM. The
detailed structural information for Sc and Ti interstitial com-
plex structures can be found in our previous publica-
tions.[32, 3348] Vanadium also caused the Al1�H11 and Al1�H12

bonds to break. The two dissociated H atoms (H11 and H12)
are only bound to V. As we move further to Cr and Mn, the
Al1�H11 and Al1�H12 bonds can only be considered partially
broken, with distances of 1.918 and 1.878 �, respectively.
These two H atoms (H11 and H12) are situated between the
TM atom and Al1, forming TM�H�Al1 bridging structures.
In the complexes formed with Fe, Co, and Ni, the Al1�H11

and Al1�H12 bonds remained intact. They were elongated by
less than 0.2 � with respect to the Al�H bond length of
1.643 � in the undisturbed tetrahedral AlH4

� group.
The energetics and structures of the TM interaction with

Al�H bonds can be further analyzed by the donation and
backdonation model originally proposed by Dewar, Chatt,
and Duncanson (DCD).[52,53] This model has been applied
extensively to the description of the interaction between a
TM and ligands in an organometallic complex.[54–57] The
local density of states (LDOSs) of Inter_1 are shown in
Figure 3, in which the plots are arranged in the order of Sc,
Ti, V, Cr, Mn, Fe, Co, Ni from top to bottom. In all DOS
calculations, we used the default atomic radii in the PAW
potentials. Figure 3 a shows the LDOSs projected onto each
TM. Evidently, the main contribution to the LDOSs was
from the 3d states of TMs. The contributions from the s and
p states are negligible. In Figure 3 b and c, LDOSs projected
onto the Al atoms (Al1 and Al2) were plotted. We also in-
cluded schematics of the molecular orbitals that associated
with the energy ranges between the two vertical lines in
each plot in the LDOSs.

Generally, electron donation occurs from the highest oc-
cupied orbital of Al�H bonds to the empty d orbitals of the
TM. The calculated energies of the d states of TMs usually
span the range from �2 to 2 eV. In the LDOSs of TMs
doped in the NaAlH4ACHTUNGTRENNUNG(001) surface, some new states, howev-
er, appear in the energy range of �4 to �6 eV, as shown in
Figure 3 a. These new states were attributed to the interac-
tion between Al�H bonding states and metal d orbitals. The
electron transfer from the Al�H bonding states to the
empty d orbitals occurred due to the orbital overlap be-
tween the TM and the inner hydrogen atoms. This electron
transfer weakened the Al�H bond and caused the elonga-

Figure 2. Variation of Al�H bond lengths in TMAl3H12 with TM. The Al
and H atoms are numbered as in the structural model shown in the inset.
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tion/breaking of inner Al�H bonds. On the other hand, the
electron backdonation occurred from the filled d orbitals of
TMs to the empty s* orbitals of Al�H bonds, as illustrated
in the LDOSs projected on Al1 and Al2 (Figure 3 b and c).
In a normal tetrahedral AlH4

� group without TM, there was
no peak in the energy range of �2 to 0 eV.[58] In contrast,
new peaks appeared in the energy range of �2 to 0 eV in
the LDOSs of the Al atoms. These new peaks originated
from the interaction between the empty s* orbitals of
AlH4

� units and the occupied TM d orbitals. The extent of
the backdonation depends on the energy difference between
the lowest unoccupied s* orbitals of the Al�H bonds and
the highest occupied d orbitals of the TM. A smaller energy
difference would provide a better chance for the orbital to
overlap and increase the backdonations. The intrinsic prop-

erties of a metal such as the filling and width of the d-band
are therefore expected to affect the backdonation of TM.
The energy difference increases with the increasing number
of d electrons, since the d-band center is shifted to a lower
energy.[59] Consequently, the early TMs exhibit a better elec-
tron backdonation ability than the late ones, as shown in
Figure 3 b and c. The decreasing backdonation from Sc to Ni
may be correlated with the corresponding ionization poten-
tial. Strong backdonation from the TM to the Al1�H bonds
caused the bonds to break and displaced the H atoms (H11

and H12) from Al1, resulting in the H atoms (H11 and H12)
being shared by Al2ACHTUNGTRENNUNG(Al3) and TM (see Figure 2). Conse-
quently, the hydrogen desorption rate from TM-doped
NaAlH4 would decrease as the TM was changed from Sc to
Ni. This is consistent with the experimental observation that

Figure 3. Local density of states (LDOS) of TM (a), Al1 (b), and Al2 (c) in TMAl3H12 with TM=Sc, Ti, V, Cr, Mn, Fe, Co, and Ni. Spin-up (positive) and
spin-down (negative) densities were plotted. The molecular orbitals contributing to the states in the energy range between the dash lines were schemati-
cally shown underneath the corresponding LDOS plot. The atoms were numbered according Figure 2.
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doping early 3d TMs led to a faster hydrogen desorption
rate than doping the late ones.[29] The geometrical arrange-
ment between the TM and the ligands also affects the back-
donation. As shown in Figure 3 b and c, the doped TM inter-
acts stronger with the Al1 group than with the other two
AlH4

� groups, especially for the early TMs (Sc, Ti, V). Orbi-
tal analysis shows that the dz2 orbital of the TM overlaps
with the s* orbital of the Al1 group, which was a combina-
tion of a pz orbital of Al1 and an s orbital of the associated
H atoms. Such interactions are related to the geometrical ar-
rangement and symmetry, including orbital symmetry, which
is important in determining which direction would maximize
the orbital overlap.

Based on the analysis of the interstitial structures in the
TM-doped NaAlH4ACHTUNGTRENNUNG(001) surface, we conclude that a combi-
nation of the number of valence electrons and the number
of Al�H ligands determines the stability of the structure.
The occupation of d orbitals increases, whereas the spatial
distribution of d-electron density decreases from left to right
in the periodic table. These intrinsic properties determine
the mode as well as the strength of the TM–complex hy-
dride interactions.

Hydrogen desorption catalyzed by transition metals: We
previously reported that the interstitial complex structures
formed with Sc and Ti not only are the most stable struc-
tures but also reduce the hydrogen desorption energies as
compared with that from clean, undoped NaAlH4 surfa-
ces.[32,33, 48] This effect of reducing hydrogen desorption ener-
gies was also extended to the surrounding AlH4

� units. The
effect of doping other TMs on hydrogen desorption energy
has been examined in the present study. Similarly, the de-
sorption energy of hydrogen was defined as given in Equa-
tion (3),

DEdes ¼ Estoi�EH2
�EHdes ð3Þ

where Estoi, EHdes, and EH2
are total energies of stoichiomet-

ric slab, the slab with H desorbed, and one H2 molecule, re-
spectively. This expression gives the energy cost of forming
one hydrogen molecule in the gas phase by removing two
hydrogen atoms from the slabs and is closely correlated with
the experimentally measured heats of hydrogen desorption
based on hydrogen isotherms. Figure 4 shows the variation
of hydrogen desorption energy in TMAl3H12 as a function of
the TM from Sc to Ni. Desorption energies of outside hy-
drogen atoms (H1–H2, H3–H4) are displayed in Figure 4 a,
and those of the inside hydrogen atoms (H7–H8, H9–H10,
H11–H12) are shown in Figure 4 b. We note that all calcula-
tions were done with the periodic condition using the VASP
code, and the local structure was only used to show the
atomic positions more clearly.

Generally, doping TMs in NaAlH4 reduces hydrogen de-
sorption energy from the clean, undoped surface. As shown
in Figure 4a, desorption energy for outside hydrogen atoms
(H1–H2 and H3–H4) exhibits a minimum at Ti. For H3,H4,
there is another minimum with a desorption energy of

0.5 eV for Fe- and Co-doped surfaces. On the other hand,
the inside hydrogen atoms (H7–H8, H9–H10, H11–H12) of the
Fe-, Co-, and Ni-doped interstitial structures have a very
low desorption energy as shown in Figure 4 b. In contrast,
the desorption energy of the inside hydrogen atoms in the
Sc-, Ti-, V-doped structures is relatively high, even higher
than the desorption energy (1.382 eV) from the clean sur-
face without dopants. Based on these results, we can con-
clude that the early TMs (Sc, Ti, V) lead to low desorption
energies for outside hydrogen atoms of the interstitial com-
plex structure, whereas the late TMs (Fe, Co, Ni) will cause
the inside hydrogen atoms to be desorbed easily. The varia-
tion of hydrogen desorption energies from the interstitial
structure doped with different TMs can again be understood
with the aid of the 18-electron rule. TMAl3H12 is electron-
deficient for Sc–V, electron-neutral for Cr, and electron-rich
for Mn–Ni. The desorption of inside hydrogen atoms from
the complex structures formed with Sc–V will make the
structure even more deficient and further away from the re-
quired 18 electrons, resulting in even higher desorption ener-
gies. On the other hand, the loss of the outside hydrogen
atoms will supply electrons to the electron-deficient
TMAl3H12 complexes formed with the early TMs (Sc, Ti, V)
and make these complexes closer to the required 18 elec-
trons. In the case of Ti, losing one pair of outside hydrogen
atoms transforms the original complex into TiAl3H10, which
has precisely 18 electrons and corresponds to the minimum
of the desorption energy. This is supported by our Bader
charge analysis of the TiAl3H12 complex and its product
TiAl3H10 ACHTUNGTRENNUNG(1,2) by removing H1 and H2, as shown in Table 1.
In TiAl3H12, each H atom has a charge of �0.73 je j . After
desorbing H1 and H2, the excess electrons associated with
them were transferred to Al1 (55 %), Al2 (15%), and Al3

(13 %). These electrons became available to Ti through Al�
H ligands. Only 17 % of the charges were distributed to the
surrounding atoms.

The above analysis may not seem applicable to Fe–Ni for
H3–H4 and to Co–Ni for H1–H2 at first sight, as these H
atoms showed rather low desorption energies. A closer ex-
amination of the complex structure revealed that the Al2

Figure 4. Hydrogen desorption energies from TMAl3H12: a) inside hydro-
gen atoms; b) outside hydrogen atoms. The numbering of hydrogen
atoms as in Figure 2.
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and Al3 groups (AlH4
�) were separated from the TM after

H1–H2 desorption from the Co- and Ni-doped complex to
maintain 18 electrons in the valence shell. This in turn re-
duces hydrogen desorption energies of H1–H2. In fact, de-
sorption of H3–H4 from a complex formed with Fe–Ni
makes H7 and H9 hydrogen atoms displace from inside to
outside. These structural changes resulted in less ligands (in
the form of Al�H bonds) coordinated to the TM, thus ful-
filling the 18-electron requirement. We expect that the struc-
tural variations in response to the number of H atoms
bonded to the Al atoms play important roles in the catalytic
cycle of TM-doped NaAlH4. A cycle between the electron-
deficient and electron-rich states facilitates hydrogen de-
sorption/adsorption as well as hydrogen transfer between
the local complex structure and the surrounding AlH4

� units
in the doped NaAlH4.

Transition-metal complex with dihydrogen(TMAl3H10–H2):
We further analyzed desorption of the inside H atoms by
considering the hydrogen desorption process as a stepwise
process: the H atoms first recombine on the TM site to
form dihydrogen as an intermediate, and the intermediate is
then separated from the TM site. These steps will be re-
ferred to as recombination(R) and separation(S), respective-
ly, in the subsequent discussion. We illustrated the process
for H7–H8 desorption in Figure 5. Step R in the upper panel
of Figure 5 corresponds to the formation of the TMAl3H10–
H2 intermediate as a result of H7–H8 recombination. In step
S, the dihydrogen was separated from the complex, resulting
in hydrogen desorption. The overall desorption energies of
this hydrogen pair were plotted in green as a function of the
TM in the lower panel of Figure 5. The energy costs for the
recombination and separation steps were also calculated
separately and plotted in the figure. A positive value indi-
cates an endothermic process, whereas a negative value cor-
responds to an exothermic one. Generally, the separation
energy contributes dominantly to the overall desorption

energy for the structures formed with Sc–Mn. For Fe-, Co-,
Ni-doped interstitial structures, the separation of the dihy-
drogen from the TM site becomes highly exothermic. This
trend of separation energy corresponds well with the rela-
tively low recombination energy for early TM complexes
and relatively high one for Fe, Co, and Ni

In these complexes, a stretched dihydrogen (by 0.05–
0.25 � from the value for a gas phase H�H bond) binds
side-on to the TM with TM···H distances of 1.8–2.1 �. To es-
tablish that the dihydrogen complex, TMAl3H10–H2, is at a
local minimum, we performed a frequency analysis for the
TiAl3H10–H2 structure. The results showed that the complex
does not have any imaginary frequencies and, therefore, cor-
responds to a minimum. The H�H stretching mode has a
harmonic frequency of 1738.9 cm�1. The establishment of
the dihydrogen complex suggested that a stable intermediate
can be formed between the interstitial complex and dihydro-
gen (H�H).

We further analyzed the Bader charge and the projected
LDOS of the TiAl3H10–H2 complex. The Bader charges of
the dihydrogen complex are listed in Table 1 together with
those of TiAl3H12 and TiAl3H10 ACHTUNGTRENNUNG(7,8), the product of losing
the dihydrogen. The projected LDOS of Ti, A11, and Al2 as
well as the two H atoms are shown in Figure 6. As a refer-
ence, the Bader charges of Al and H in an undisturbed tet-
rahedral AlH4

� structure are 2.12 and �0.74 je j ,ACHTUNGTRENNUNGrespectively.
The formation of TiAl3H10–H2 caused a redistribution of

electrons: the electrons associated with H7 and H8 atoms in
TiAl3H12 are now transferred to Al2 and Al3. This charge
transfer results from dihydrogen formation on the Ti site
and caused Al2 and Al3 to become less positively charged
than the corresponding atoms in TiAl3H12. Consequently,
the attractive interactions between these Al atoms and the
remaining H atoms were reduced and led to weakened Al2�
H and Al3�H bonds. The charge transfer from the Al atoms
to the H atoms was facilitated by the Ti atom, as the pro-
jected LDOS peaks of �0.25 and �0.45 eV of Al2 and Al3

originated from the corresponding dx2�y2 and dxy orbitals of

Table 1. Calculated atomic Bader charge in the complexes TiAl3H10ACHTUNGTRENNUNG(1,2)
by removing H1 and H2, TiAl3H12, TiAl3H10–H2, TiAl3H10ACHTUNGTRENNUNG(7,8) by remov-
ing H7 and H8. The respective formal valence electron number (Ti:4,
Al:3, and H: 1) was used as a reference.

TiAl3H10 ACHTUNGTRENNUNG(1,2) TiAl3H12 TiAl3H10–H2 TiAl3H10ACHTUNGTRENNUNG(7,8)

Ti 0.92 0.92 0.75 0.80
Al1 0.41 1.20 1.32 0.88
Al2 1.81 2.02 1.60 1.63
Al3 1.85 2.03 1.35 1.65
H1 �0.75 �0.74 �0.76
H2 �0.75 �0.74 �0.76
H3 �0.73 �0.74 �0.75 �0.75
H4 �0.75 �0.73 �0.73 �0.72
H5 �0.73 �0.73 �0.72 �0.72
H6 �0.75 �0.74 �0.72 �0.75
H7 �0.70 �0.68 �0.16
H8 �0.69 �0.68 �0.20
H9 �0.71 �0.71 �0.74 �0.65
H10 �0.69 �0.72 �0.70 �0.66
H11 �0.64 �0.64 �0.65 �0.72
H12 �0.71 �0.64 �0.62 �0.71

Figure 5. Variation of recombination, separation, and desorption energy
of H7–H8 in TMAl3H12 with TM.
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Ti. The variation of the charge on Ti in complexes is rela-
tively small, from 0.93 je j in TiAl3H12 to 0.75 je j in
TiAl3H10–H2, and then, to 0.80 je j in TiAl3H10 ACHTUNGTRENNUNG(7,8), as
shown in Table 1. The backdonation from Ti shown in the
energy range of �2 to 0 eV in the projected LDOS
(Figure 6) can be attributed to the p-type orbital interac-
tions between the dxz orbital of Ti and the s* orbital of H7–
H8. In addition, there are significant overlaps between the
dx2�y2 orbital of Ti and the s* orbital of the dihydrogen. As
shown in Table 1, the dihydrogen is negatively charged, with
a total charge of �0.36 je j . According to Kubas,[41] these
electrons can be attributed to the backdonation from the
filled d orbitals of Ti to the antibonding orbital (s*) of H�
H. Such interactions play important roles in stabilizing the
dihydrogen complex and further activating the H�H bond.
The almost equal amount of charge on the two H atoms in-
dicates both recombination and dissociation are homolytic.
The lower recombination energy with early TMs shown in
Figure 5b is a result of the stronger backdonation. Other
contributions to the projected LDOS in the same energy

range originate from the interactions between dx2�y2 of Ti
and px of Al2, as well as between dz2 of Ti and pz of Al1.

General discussions : Extensive experimental investigations
have been performed to characterize Ti-doped NaAlH4 and
to determine the active species responsible for the accelerat-
ed dehydrogenation and rehydrogenation. Although Ti–Al
alloys, in particular TiAl3, have been identified in both dehy-
drogenated and hydrogenated samples, there was no consen-
sus on the role played by the alloys in hydrogen release/
uptake.[12,27,34, 60–63] The TiAl3 alloy has been doped directly
in NaAlH4 and was found to be substantially less effective
on the dehydrogenation/rehydrogenation kinetics than the
Ti halides.[21,64] These results indicated that TiAl3, in either
crystalline or cluster form, does not achieve the same level
of catalytic effect as the Ti halides. Many experimental stud-
ies suggested that highly dispersed Ti in a predominately Al
phase might play an important role in hydrogen desorption
and sorption processes,[34,65–67] whereas a Ti–Al alloy phase
may be formed but acted largely as a spectator rather than
catalyst. On the other hand, the interstitial complex struc-
tures that we identified for Ti and Sc previously and exam-
ined here for other TM elements can be the catalytically
active centers.[32, 33,48] In fact, experimental studies have con-
firmed the existence of the interstitial structure in Ti-doped
NaAlH4.

[34] The role of a Ti-Al-H species, including TiH2,
has been discussed based on the 27Al and 1H MAS NMR
spectroscopy, and 27Al multiple quantum studies of Ti-doped
NaAlH4 by Herberg et al.[62]

The effectiveness of various TM elements as catalysts can
be analyzed by revisiting Figure 5. Figure 5 b shows the over-
all desorption energy as well as the recombination and sepa-
ration energy of H7–H8 for different TMs. To form
TMAl3H10–H2 from the TMAl3H12 complex, the recombina-
tion energy for Sc–Mn is significantly lower than that for
Fe–Ni. In contrast, the separation energy of dihydrogen
from the TMAl3H10–H2 complex of electron-rich Fe–Ni is
negative, indicating an exothermic process. We also calculat-
ed the recombination and separation energies of ScAl3H6

and TiAl3H6 obtained by removing all outside hydrogen
atoms (see Table 2). These complexes are electron-rich due
to the loss of outside hydrogen. The recombination energy
from the complexes is significantly higher than in the corre-
sponding TMAl3H12, whereas the separation energy is rela-
tively low, similar to the electron-rich complex formed with
the Fe–Ni systems. All these results indicate that the elec-
tron-deficient complexes have low recombination energies
and high separation energies, whereas the electron-rich com-
plexes exhibit opposite trends. On the basis of the above
analyses, we suggest the following mechanism in TM-doped

Figure 6. Projected local density-of-states of Ti, Al1, Al2, Al3, H7, and H8

in dihydrogen complex TiAl3H10–H2. The numbering of the Al and H
atoms as in Figure 2.

Table 2. Recombination, separation, and desorption energies of ScAl3H6

and TiAl3H6 complexes.

Species Recombination Separation Desorption

ScAl3H6 1.444 0.343 1.787
TiAl3H6 1.123 0.622 1.745
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NaAlH4: The electron-deficient complexes formed with the
early TMs go through a series of steps, starting with inside
hydrogen recombination!outside hydrogen desorption!
inside hydrogen separation. The process is accompanied by
an oscillation between electron-deficient and electron-rich
states of the complexes. On the other hand, for an electron-
rich complex, both inside hydrogen recombination and out-
side hydrogen desorption occur with a high energy cost.
Therefore, late TMs are not efficient as catalysts for hydro-
gen release/uptake from NaAlH4.

As shown in Figure 3, there is a much stronger backdona-
tion from Ti to Al1 than to Al2 or Al3 in the TiAl3H12 com-
plex structure. This is also reflected in the Bader charge
values listed in Table 1: the charge on Al1 was reduced to
1.2 je j , whereas that on Al2 only decreased to 2.0 je j . Pro-
jected LDOS analysis showed that electron transfer between
Ti and Al1 involved the dz2 of Ti and the pz and s orbitals of
Al1. As we reported previously, the dz2 orbital also contribut-
ed to the formation of dihydrogen.[32] In addition, the pro-
jected LDOS showed that the dx2�y2 orbital mixed with the
antibonding orbitals of the Al2 and Al3 units, causing the
Al2�H7 and Al3�H8 bonds to break more easily. Therefore,
the dz2 and dx2�y2 orbitals of Ti are critical to dihydrogen for-
mation and are involved in transferring hydrogen from
AlH4

� to Ti. The formation of dihydrogen led to the depop-
ulation of the dz2 orbital and the filling of the dxy orbital, as
indicated in the projected LDOS of Ti in Figure 6. During
dehydrogenation, such electron redistribution facilitates H�
H bond formation and stabilizes the dihydrogen intermedi-
ate. In the process of forming dihydrogen, the electron
transfer involves both donation and backdonation: the elec-
trons were donated to the dxz orbital of Ti from the s orbi-
tals of hydrogen atoms, and then backdonated from the
filled dxz and dx2�y2 orbitals to the antibonding orbitals of the
Al2 and Al3 units. Furthermore, desorption of the negatively
charged dihydrogen left its electrons to fill the dz2and dx2�y2

orbitals, as shown in the projected LDOS in Figure 6 and
those provided in the Supporting Information. Such charge
transfer processes are expected to continue for TiAl3H10 and
subsequent products, until the product cannot sustain the
dehydrogenation process. Therefore, the interaction between
Ti-dz2 and s* of the Al1 unit is critical to hydrogen transfer
and dihydrogen formation, whereas the interaction between
Ti-dxz as well as Ti-dx2�y2 and the antibonding orbitals of Al2

and Al3 units stabilizes the dihydrogen intermediate.

The exchange of ligands, that is, Al�H for H�H, by the
TM can be considered as a s-bond metathesis process cata-
lyzed by TM.[68–70] As shown in Scheme 1: the first step in-
volves the breaking of an Al�H bond from the TMAl3H12

complex and the formation of a four-membered intermedi-
ate (TM-Al2–H7–H8). This step is followed by the formation
of the dihydrogen coordinated with the TM by breaking the
Al2�H7 bond.

Our discussions so far have been focused on the effect of
the TM on the dehydrogenation of NaAlH4. One question
that remains to be answered is how the complex structure
fits in the overall mechanism of hydrogenation. As shown in
Scheme 1, the reverse process started from the dihydrogen
complex and reaches the TMAl3H12 complex structure
through the four-membered intermediate state. We can get
some further understanding of the hydrogenation process by
examining the variations in Bader charges from TiAl3H10-ACHTUNGTRENNUNG(7,8), TiAl3H10–H2, and then to TiAl3H12 (see Table 1). In all
three states, the charge on Ti is almost constant. However,
there is a significant amount of charge transferred between
Al and H. In the first step of hydrogenation, from TiAl3H10-ACHTUNGTRENNUNG(7,8) to TiAl3H10–H2, electrons are transferred from Al1 to
the s* orbital of H2 to activate the H�H bond and stabilize
the dihydrogen complex through the Ti–dz2 orbitals. As dis-
cussed above, the interaction between the dz2 orbital and the
Al1–s* orbital facilitates dihydrogen complex formation.
The second step, from the dihydrogen complex to TiAl3H12,
also involves electron transfer from Al2 and Al3 to H. Clear-
ly, Ti–dx2�y2 and Ti–dxz orbitals can interact with not only the
s* orbitals of Al2 and Al3 units, but also the s* orbital of
H7–H8. Once sufficient electrons are transferred from Al2

and Al3 to H�H through Ti–dx2�y2 and Ti–dxz, the H�H bond
will be broken, resulting in TiAl3H12 formation.

The importance of electron backdonation from Ti to H2/H
in the hydrogenation process has also been demonstrated in
recent studies by Chaudhuri et al.[23,71] Starting from a Ti-
doped Al ACHTUNGTRENNUNG(001) surface, these authors studied the hydrogena-
tion process and proposed that the first step of hydrogena-
tion involves breaking the molecular H�H bond, followed
by migration of H to the Al sites. They showed that a special
local arrangement in which two Ti atoms occupy next-near-
est-neighbor positions facilitates electron transfer from 3d
orbitals of Ti to the s* orbital of H�H. Our analyses indicat-
ed that the occupation of Ti d orbitals was maintained at an
almost constant level by the electron transfer from Al to Ti.

Scheme 1. A s-bond metathesis process catalyzed by TM for the exchange of ligands, that is, Al�H for H�H.
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Therefore, we expect the ability to balance accepting in and
backdonating electrons from its d orbitals to be an impor-
tant characteristic of a candidate as a catalyst for hydrogen
release/uptake from NaAlH4. Our analyses are consistent
with the experimental observations that showed early TMs,
in particular, Sc and Ti, exhibited superior catalyticACHTUNGTRENNUNGproperties.[29–31]

Conclusion

We studied the energetics and structures of TM-doped
NaAlH4(001) surfaces using the DFT-PBE method with
plane-wave basis set and PAW potentials. On the basis of
our results, we conclude:

1) The stability of the structures formed upon doping the
3d TM elements was found to follow the 18-electron
rule. The interstitial complex structure, TMAl3H12, in
which the TM atom occupies the interstitial position
formed from three AlH4

� units was identified to be the
most stable structure for Sc–Co.

2) The interstitial structures formed with Sc–V are electron-
deficient and those with Mn–Ni are electron-rich. The
electron-deficient TMAl3Hx complexes approach the 18-
electron state by coordinating with the surrounding Al�
H bonds and dihydrogen, or by losing “outside” hydro-
gen atoms through desorption. On the other hand, the
electron-rich complexes tend to lose the excess electrons
by either releasing AlHx or desorbing the “inside”ACHTUNGTRENNUNGhydrogen.

3) The early TMs are more efficient at reducing the hydro-
gen desorption energy as well as at activating the H�H
bond than the late TMs. The hydrogen release/uptake
process can be considered as an exchange of s-bond li-
gands (H�H for Al�H) in the TMAl3H12 complex. The
mechanism is consistent with the metathesis process in-
volving s bonds. The balance between the ability of ac-
cepting electrons in and backdonating electrons from the
d orbitals of the early TMs made them ideal candidates
as catalysts for hydrogen release/uptake.

Computational Methods

Periodic DFT calculations including spin-polarization have been carried
out using the VASP code.[72, 73] The electron-ion interactions were de-
scribed by using the projector augmented wave (PAW) potential, and the
valence electrons of Al 3s23p1, Na 2p63s1, H 1s1, and TMs 3dn4sm were
treated explicitly with a plane-wave cutoff energy of 400 eV. The non-
local exchange-correlation energy was calculated with the PBE function-
al.[74] The surface Brillouin zone was sampled with the K-points generat-
ed by the Monkhorst–Pack scheme with a space less than 0.05 ��1.[75]

Similar parameters have been used in our previous calculations and were
shown to give converged results.[32, 33, 48]

Slabs with six-layer metal atoms (Al or Na) consisting of 24 NaAlH4

units were constructed on the basis of the relaxed bulk structure to simu-
late the surfaces. The dimension of the super-cell to simulate the (001)

surface is 9.96 � 9.96 � 27.8 �3, leaving a vacuum space of about 15 � in
the z direction. The geometries of the clean slab were optimized by using
the quasi-Newton or conjugate-gradient method as implemented in
VASP. A Gaussian smearing with a width of 0.1 eV was employed to im-
prove the convergence of the electronic self-consistent cycles. A calcula-
tion was considered as converged when the changes in energy and forces
were less than 1.0� 10�6 eV and 0.05 eV ��1, respectively. The Al and Na
atoms in the bottom three layers of the slab were fixed at their corre-
sponding bulk positions during the relaxation. Those in the top three
layers as well as all the hydrogen atoms were allowed to relax according
to the calculated Hellman–Feynman forces. We would like to point out
that zero-point energy corrections were not included in the reportedACHTUNGTRENNUNGenergetics.
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