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Abstract: The effect of vanadium doping on the hydrogen adsorption
capacity of aluminum clusters (Aln+, n = 2–18) is studied
experimentally by mass spectrometry and infrared multiple photon
dissociation (IRMPD) spectroscopy. We find that vanadium doping
enhances the reactivity of the clusters towards hydrogen, albeit in a
size-dependent way. IRMPD spectra, which provide a fingerprint of
the hydrogen binding geometry, show that H2 dissociates upon
adsorption. Density functional theory (DFT) calculations for the
smaller AlnV+ (n = 2 – 8,10) clusters are in good agreement with the
observed reactivity pattern and underline the importance of activation
barriers in the chemisorption process. Orbital analysis shows that the
activation barriers are due to an unfavorable overlap between cluster
and hydrogen orbitals.

With an ever-growing global energy consumption, the need for
a more sustainable and environment-friendly alternative to our use of
fossil fuels becomes increasingly dire. Di-hydrogen, H2, with a
gravimetric energy density roughly three times that of gasoline[1], is
one such alternative and has been the subject of extensive study[2–4].
A major drawback, however, is the low volumetric energy density of
gaseous hydrogen, which urges for other means of storage. For
mobile applications, the requirements posited by the U.S. Gov.
Department of Energy are rather stringent; by 2020, hydrogen storage
materials should have at least 5.5 wt% and 40 gL-1 volumetric capacity,
with operating and recharging conditions around ambient temperature
and pressure. Nanostructured materials are prospective in this
regard[5–7], but as of yet not economically viable. To eventually device
storage media superior to what is currently available, a better
understanding of the interaction between hydrogen and potential
storage materials is highly desirable. Nanoclusters, whose physicochemical properties are strongly size-dependent and therefore exhibit
a multitude of chemically distinct and possibly reactive sites, are
useful model systems for designing more efficient storage media on a
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larger scale. By studying these clusters in the well-defined
experimental conditions (cluster size and composition, charge state)
that are characteristic of gas-phase experiments[8], one gains more
insight in the kinetics and dynamics of hydrogenation reactions of
nanostructured materials, which could pave the way towards a
sustainable hydrogen economy.

Aluminum, one of the lightest and most abundant metals on
earth, is known to form the bulk metal hydrides alane, AlH3, and
sodium alanate, NaAlH4, which have a hydrogen weight percentage
of 10% and 5.6%, respectively. Despite unremitting efforts[9,10], the
slow hydrogenation kinetics of both materials limits their use for
practical purposes. The bottleneck in the hydrogenation process is a
high activation barrier (of the order of 1 eV) in the dissociative reaction
pathway, a barrier which is present for bulk as well as small clusters
of aluminum[11–14]. Several computational studies have shown that
doping aluminum with transition metals such as Ti, Cr, V, Co, …
lowers the activation barriers towards dissociative chemisorption[15–18].
For vanadium doped aluminum clusters, experimental confirmation of
the predicted[18] size-dependent reactivity is limited[19] and a detailed
description of the role of vanadium in the reaction is still lacking. In
this work, we study the reactivity of singly vanadium doped aluminum
clusters towards hydrogen by means of mass spectrometry and
infrared multiple photon dissociation spectroscopy (IRMPD). For the
smaller sizes, we compare density functional theory calculations with
the experimental data to rationalize our observations.
Figure 1 shows a mass spectrum of AlnVm+ (𝑛 = 1 − 18, 𝑚 =
0 − 3) clusters, before (Fig. 1a) and after (Fig. 1b) interaction with H2.
The distributions of bare clusters (i.e. AlnVm+ without hydrogen) for
𝑚 = 0, 1, 2 are designated by colored lines. After injecting H2 into the
source, the undoped aluminum cluster distribution (red line) barely
changes. For the single (blue line) and double (green line) vanadium
doped clusters, an overall decrease in abundance indicates that a
fraction of the clusters has reacted with hydrogen to form hydrogen
complexes. A zoom of part of the hydrogenated mass spectrum is
shown in Fig. 1c. In this letter, the scope of the analysis will be limited
to the singly vanadium doped aluminum clusters, the most abundant
species in the mass spectra. For these clusters, the fractional
distribution of the hydrogenated complexes can be extracted from the
mass spectra:
[Al𝑛 VH2𝑝 + ]𝑓𝑟𝑎𝑐 =

I(Al𝑛 VH2𝑝 + )
,
∑2𝑖=0 I(Al𝑛 VH2𝑖 + )

(1)

with I(Al𝑛 VH2𝑝 + ) the intensity of the cluster species in the mass
spectra. This fractional distribution is plotted in Fig. 1d.

present in the molecular beam. The next higher isomer ( 𝛥𝐸 =
0.12 𝑒𝑉) can be excluded because of the absence of the band at
~1900 cm -1. For the fourth isomer (𝛥𝐸 = 0.17 𝑒𝑉), the calculated
bands are at lower wavenumbers than the experimental ones, and the
intensities don’t agree well with the experiment. Moreover, the metal
framework of iso3 and iso4 differs significantly in structure from the
calculated bare cluster (SI), whereas that of the tentative ground state
iso1 and of iso2 are very similar.

Figure 1. Parts of mass spectra of AlnVm+ (n = 1-18, m = 0-2) clusters, a) before
and b) after interaction with H2. c) Zoom of a part of the mass spectrum after
interaction with H2 shows the presence of hydrogenated complexes. d)
Fractional distribution of hydrogenated AlnV+ (n = 1-18) clusters.

Doping pure aluminum clusters with one vanadium atom
changes the clusters’ reactivity in a size-dependent way: small AlnV+
clusters (n = 1–9) are relatively unreactive towards H2, with the
exception of Al2V+. Significantly larger reactivities are observed for
medium sized clusters (n = 10–16). Especially Al10V+ exhibits a
drastically increased reactivity. For clusters larger than n = 16 the
reactivity decreases again. Experimental work by Lang et al.[20]
suggested that after n = 16, the position of the vanadium dopant in the
AlnV+ clusters changes from an exohedral to an endohedral site. This
structural transformation hypothesis was confirmed by computational
work of Fernandez et al.[21] The observed decrease in reactivity for the
larger sizes then, is in line with the assumption that the vanadium
dopant acts as a reactive center for H2 adsorption: for clusters of size
larger than Al16V+, the vanadium dopant becomes shielded by a cage
of aluminum atoms, thereby impeding the interaction with H2.
A priori, it is not clear whether the hydrogen molecule
dissociates upon adsorption or not. Additionally, the observation that
the amount of adsorbed hydrogen molecules is limited to mostly one
for single doped aluminum clusters could imply that the vanadium
atom, which is considered to be the active site[22,23], gets poisoned
after interaction with the first hydrogen molecule. A tentative answer
to both questions can be found by analysis of the IRMPD spectra of
the hydrogenated clusters, which provide a fingerprint of the hydrogen
binding geometry. A detailed description of this technique can be
found in Ref.[24] and a shorter version is included in the supporting
information (SI). In figure 2, several low-energy configurational
isomers of Al10VH2+ are plotted together with the experimental and
their calculated IR spectra. The spectrum of the putative ground state
isomer shows good agreement with the experimental data, although
the positions as well as the intensities of a second, almost degenerate
isomer (𝛥𝐸 = 0.003 𝑒𝑉) provide an even better match. If there is no
considerable energy barrier separating them, both isomers could be

Figure 2. Experimental IRMPD cross section vs. calculated IR intensity for
energetically low-lying isomers of Al10VH2+ (Blue = Al, red = V, white = H). The
upper panel contains the experimental data points in red, together with a threepoint running average in black. The lower panels show the calculated harmonic
IR spectra of four low-energy configurational isomers. The discrete resonances
are artificially broadened by 10 cm-1 to facilitate comparison with the
experimental data.

The bands observed in the 800 – 2100 cm-1 region for Al10V+ are
related to the stretching modes of atomic hydrogen-metal bonds,
meaning that the H2 molecule dissociates upon adsorption: the feature
around 1900 cm-1, for example, corresponds to the stretching mode
of a hydrogen atom bound on-top position of an aluminum atom; the
bands at approximately 1350 cm-1 and 1240 cm-1 correspond to the
symmetric and asymmetric stretch of a hydrogen bound in a bridge
position between a vanadium and an aluminum atom and the
frequencies are similar to those for hydrogen bound dissociatively to
transition metal (Fe, Co, V and Ni) clusters[25]. For all calculated
isomers of Al10VH2+, one or two of the hydrogen atoms are bound to a
vanadium atom, further corroborating the hypothesis that, at least for
this size, the vanadium dopant gets poisoned after adsorption.
Infrared spectra for larger sizes (n = 11, 12, 13, 15), for which no DFT
calculations are available, exhibit spectral features in the same
wavenumber regime and are included in the SI. The IR spectra of the
few smaller sizes that do adsorb hydrogen, namely AlnV+ with n = 2,
8, 9 (see Fig. 1d), do not show any discernible IR bands, which could
be due to insufficient oscillator strength of the vibrational resonances
to desorb the hydrogen. Another explanation could be that the

Table 1. DFT computational results for selected AlnV+ (n = 2-10). For
each cluster, the initial and final spin state, as well as the physisorption
energy 𝑬𝒂𝒅𝒔 (𝑯𝟐 ) and the chemisorption energy 𝑬𝒂𝒅𝒔 (𝟐𝑯) are listed.
𝑬𝒂𝒅𝒔 (𝟐𝑯) (eV)

Cluster

Si

𝑬𝒂𝒅𝒔 (𝑯𝟐 ) (eV)

Sf

Al2V+

5

0.304

5

1.229

Al3V+

6

0.212

4

0.756

Al4V+

5

0.260

3

0.898

Al5V+

4

0.187

4

0.887

Al6V+

3

0.279

3

0.594

+

6

0.315

4

0.941

Al8V+

5

0.375

5

0.824

+

4

0.349

4

0.847

1

0.109

1

0.928

Al7V

Al9V

Al10V+

hydrogen for these sizes is mainly bound molecularly, in

coordinate is barrierless, followed by a small diffusion barrier towards the final
state. For Al4V+, there are two energetic barriers along the reaction coordinate.

The values of 𝐸𝑎𝑑𝑠 (2𝐻) suggest that among the smaller clusters,
Al2VH2+ is the most stable species and hence is expected to be more
abundant in the mass spectra, whereas Al6VH2+ should be less
abundant. Figure 1d) shows that for Al2V+ and Al6V+ this argument
agrees well with the experiment, but for other sizes the situation is
less straightforward; Al4VH2+, for example, has a relatively high
adsorption energy (0.898 eV), but has a low abundance in the mass
spectra. Figure 3 explains the reason for this discrepancy: for Al2V+
the H2 chemisorption reaction occurs barrierless, whereas for Al 4V+
there is an activation barrier of almost 1.4 eV. In other words, although
the formation of Al4VH2+ is thermodynamically favorable, it is impeded
by the kinetics of the reaction, at least on the timescale of the
experiment (i.e. about 100 µs). Fig. 3c shows that for Al10V+ the first
step along the reaction coordinate, i.e. the dissociation step of H2, is
barrierless as well, in agreement with its observed abundance in the
mass spectra. Calculated pathways for Al3V+, Al6V+ and Al8V+ (SI)
show that the dissociative adsorption of hydrogen onto the cluster is
also impeded by activation barriers of respectively 0.65, 0.15 and 0.12
eV.

which case the characteristic vibrations are expected to lie outside our
measurement range[25,26], i.e. below 800 cm-1 (M-(H2) stretch) and
above 2100 cm-1 (H-H stretch).
For the smaller AlnV+ sizes (𝑛 = 2 − 10) DFT calculations show
that the hydrogen molecule first physisorbs on top of a vanadium atom
in a precursor state before dissociating into its atomic constituents
(structures and properties can be found in the supporting information).
Table 1 contains calculated properties of selected vanadium doped
aluminum clusters, such as the spin state before adsorption (Si), the
physisorption energy (Eads(H2)), the spin state after chemisorption (Sf),
and the dissociative chemisorption energy (Eads(2H)).

Figure 4. PDOS and selected orbitals of Al4V+·H2 and Al10V+·H2.

Figure 3. Reaction pathways for the dissociative adsorption of H2 on a) Al2V+,
b) Al4V+ and c) Al10V+. Initially, at E=0, the hydrogen is still bound molecularly.
For Al2V+ the reaction is barrierless. For Al10V+, the first step along the reaction

Analysis of the projected density of states (PDOS) molecular
orbitals of the clusters provides insight in the magnitude of these
activation barriers. This is illustrated for the complexes with
molecularly bound hydrogen Al4V(H2)+ and Al10V(H2)+ in figure 4. Only
the orbitals which have a contribution of the hydrogen s-orbitals are
indicated in the figure. The deepest bound states for both clusters are
formed by the symmetric and anti-symmetric superposition of the
doubly occupied H2- 𝜎 orbital with a cluster S-orbital (which, in turn,

consists of the delocalized Al(s) electrons). For Al4V+(H2), there is a
singly occupied orbital of mainly d-character near the Fermi energy
which has a node in between the hydrogen atoms, i.e. there is backdonation of electronic charge from the cluster into the anti-bonding 𝜎 ∗
orbital of H2. In contrast, the PDOS and orbitals containing H(s)
character of Al10V+(H2) show that for this cluster there are two orbitals
of anti-bonding character, one located near the Fermi level and one
around –4 eV, both of which are doubly occupied. This suggests that
the destabilization of the hydrogen-hydrogen bond upon physisorption
of the H2 might be stronger for Al10V+ compared to Al4V+, leading to a
lower activation barrier in the hydrogenation reaction. Similar orbital
features can be observed for other small AlnV+ clusters (see
supporting information): unreactive clusters (𝑛 = 3, 4, 5, 6, 7, 8) have
at most a singly occupied orbital which overlaps with the 𝜎 ∗ H2 orbital,
whereas reactive ones (𝑛 = 2, 10) have either two or one doubly
occupied orbitals of this kind. The above explanation is similar to the
arguments provided by Pino et al.[12] in their computational study
explaining the experimentally observed inertness of pure aluminum
clusters towards hydrogen[13,14]. Most of the small pure aluminum
clusters have a triplet ground state, and the formation of the
hydrogenated clusters, which prefer singlet states, is impeded by a
large activation barrier along the pathway. The PES of the singlet
states, however, which are initially higher in energy than the triplet
states ( 𝛥𝐸 ≈ 0.1 − 0.4 eV), show a smaller and sometimes even
negligible barrier. This is explained by double instead of single
occupancy of an orbital which is anti-bonding with respect to the H2
bond for the singlet states. This argument also explains the observed
reactivity of Al6 [14], the only reactive pure aluminum cluster, for which
the singlet and triplet state were found to be almost degenerate[12] and
with the singlet state even lower in energy in the work of Moc[27].

pseudopotentials in their fully non-local form[33], whereas for the valence
electrons linear combinations of numerical pseudo-atomic orbitals (PAO)
were used (double zeta polarized basis (DZP) set in this work). The
equilibrium geometries resulted from an unconstrained conjugate-gradient
structural relaxation using the DFT forces until the force on each atom was
smaller than 0.001 eV/Å. The calculation of the dissociation barriers has
been performed by the climbing nudged elastic band method[34] within the
VASP[35] code. The IR spectra were calculated with the ORCA[36] code
(GGA-PBE/def2-TZVP) after re-optimization of the SIESTA structures. The
density of states and electronic orbitals were calculated with Quantum
Espresso[37] (GGA-PBE, ultrasoft Vanderbilt core pseudopotentials, plane
wave cutoff energy of 200 eV).

In summary, the interaction of singly vanadium doped aluminum
clusters with molecular hydrogen was studied experimentally by mass
spectrometry and infrared multiple photon dissociation spectroscopy.
In contrast to pure aluminum clusters, the vanadium doped clusters
are reactive towards hydrogen, but in a size-dependent way. IR
spectroscopy shows that for the most reactive cluster, Al10V+, the
hydrogen dissociates upon adsorption but desorbs molecularly. For
smaller AlnV+ clusters, density functional theory calculations
demonstrate that the reactivity pattern is not so much the result of the
energetics of the hydrogenation reaction as of the kinetics, with large
activation barriers due to unfavorable/insufficient orbital overlap
between cluster and molecular hydrogen orbitals. The decrease in
reactivity for larger clusters with n > 16 is attributed to cage formation,
in which the vanadium dopant occupies an endohedral position in the
cluster. Our results confirm that transition metal doping of aluminum
clusters improves their reactivity towards hydrogen, but that in the
case of a single vanadium dopant only a narrow size range becomes
active.
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