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ABSTRACT: Hydrogen evolution reaction (HER) is known as the heart of various energy
storage and conversation systems of renewable energy sources. Here we observe the cluster
reactions of a light transition metal, vanadium, with water in a gas-phase flow tube reactor.
While HER products of V1 and V2 were not observed, the effective HER of water on neutral Vn
(n ≥ 3) clusters reveals reasonable and size-dependent reactivity of the vanadium clusters.
Superatomic features and reaction dynamics of V10, V13, and V16 are highlighted. Among the
three typical superatoms, V10 and V16 exhibit an abnormal superatomic orbital energy level
order, 1S|2S|1P|1D..., where the energy-reduced 2S orbital helps to accommodate the
geometric structure and hence reinforce the cluster stability. In comparison, V13 bears a less
symmetrical structure and reacts readily with water, allowing for recombination of a hydroxyl
atom with an adsorbed hydrogen atom, akin to a fishing-mode HER process. The joint
experimental and theoretical study on neutral Vn clusters clarifies the availability of superatom
chemistry for transition metals and appeals further development of cluster theory based on
electronic cloud/orbital analysis instead of simply counting the valence electrons. Also, we
provide insights into the HER mechanism of metal clusters and propose a strategy to design new materials for portable fuel cells of
hydrogen energy.

Advances in exploring nanocatalysts have unveiled that
transition metal clusters having a particle size of less than

2 nm exhibit highly active catalysts for numerous chemical
procedures. Owing to the specific electronic and geometric
structures, chosen metal clusters could exhibit higher stability
or reactivity as compared to clusters of other sizes.1−4 On the
basis of the near free electron gas (NFEG) theory of metals
and the jellium model,5−7 highly degenerated electronic states
can be attained for spherical clusters within the symmetric
potential function,8−10 on which a referable criterion to predict
cluster stability/reactivity has been established by solving
average central potentials to obtain magic numbers. For
instance, the spherically symmetric harmonic oscillator predicts
the magic number of electron counts at 2, 8, 20, 40, 58, ...; the
Clemenger−Nilsson model allows for ellipsoidal distortion or
harmonic oscillator distortion,7 enabling us to rationalize stable
clusters with altered midshells from prolate to oblate and a
variety of nuclei and various valence electron counts at 2, 8, 18,
20, 34, 40, 58, 70, etc.6,7 These magic numbers are also
obtained by solving the Kohn−Sham equations with a square
well function or a Woods−Saxon potential well function.5,11

While the jellium model (including Clemenger−Nilsson
distortion) on valence electrons has been successfully applied
to predict magic numbers and explain the cluster stability of
various metals (typically s- and p-blocks of the periodic table of
elements as well as coinage metals), there is a difficulty to
estimate the valence electron counts for transition metal

clusters because of the complexity of localized d and f
electrons.
With the development of cluster science and superatom

chemistry,8−10,12 research interest in finding stable metal
clusters is not limited to magic numbers but includes the
exploration of clusters to mimic the chemical behavior of a
certain atom or a family of elements in the periodic table. It has
been recognized that radial extension of the outermost d-
electrons could give rise to effectively delocalized electronic
configuration across a superatom cluster of transition
metals.13−15 In this regard, superatomic features could be
better presented by orbital and graphical illustration instead of
simply counting the valence electrons. In the pursuit to find
other superatom clusters, it is also important to unveil the
difference between an ion−molecule reaction and superatom
cluster reaction, to understand how transition metal clusters
are also subject to the superatom theory thus full insights into
nanocatalysis and surface chemistry.
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Metal cluster stability and reactivity are often determined by
gas-phase reactions.3,16 For example, the reactivity of Al cluster
anions with water demonstrated that complementary active
sites account for the size-selective reactivity, unveiling
dependence on geometric rather than electronic shell
structure.2 Also, extensive studies have revealed the diverse
reactivities of transition metal ions and clusters in a variety of
conditions,17−35 motivated by the application potentials in
catalysis,36 battery cathodes, and magnetic materials.37,38

Among them, the studies on the size-dependent reactivity of
vanadium clusters with CO, NO, O2, D2, N2, CxHx, alcohols,
and many other species have been conducted,29−35,39 allowing
us to quantitatively estimate the reaction probability and

catalytic behavior. In particular, several studies have revealed
the geometric structures, electronic properties, and kinetics
involved in the novel coordination chemistry of vanadium
cations with water,17−25 as well as electronic properties of
hydrated Vn clusters.

40 Recently, we studied the reactions of
ionic vanadium clusters and found significant H2 release from
single H2O molecules in reacting with cationic Vn

+,41 revealing
decisive advantages of vanadium clusters (rather than single
atoms) for hydrogen evolution reaction (HER) from water. On
this basis, further insights into HER from neutral metal clusters
are essentially significant to clarify the efficient reactions of
clusters versus single atoms and to design strategy for new
materials of hydrogen energy used for portable fuel cells.

Figure 1. Mass spectra of neutral Vn clusters (a) and after reacting with D2O (b), with the partial pressures of D2O vapor in the reaction tube at
∼60 mPa.

Figure 2. Mass spectra of (a) neutral Vn (n = 1−20) clusters and (b)−(d) Vn reacting with different amounts of D2O with the partial pressures of
D2O vapor in the reaction tube at ∼20, ∼45, and ∼65 mPa.
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However, the fact that the V−V metal bond is much weaker
than the V−O bond makes it a challenge to prepare
uncontaminated pure vanadium metal clusters. In particular,
the likely fragmentation of neutral clusters caused by the
multiphoton ionization process could impede the acquisition
of intact information. Recently, we have developed an
integrated instrument of reflection a time-of-flight mass
spectrometer (Re-TOFMS) with an ultrafast deep-ultraviolet
(DUV) laser for photoionization. The DUV laser (177.3 nm)
has a short pulse duration (15 ps) and appropriate pulse
energy (∼20 μJ),42−44 which happens to be applicable for
highly efficient and low-fragment photoionization of the
neutral vanadium clusters and their hydrates. Taking advantage
of the DUV laser ionization and our experiences in preparing
metal clusters, we have been able to observe the well-resolved
mass distribution of neutral vanadium clusters Vn (n = 1−40),
and here we have studied the gas-phase reactions with a few
chemicals including N2, CO2, and D2O in the flow-tube reactor
(the etching reaction with O2 reported in the previous
study44). Interestingly, the reactions with water clearly screen
out reasonable stability of superatomic V10 and V16 with a
contrast to the relatively reactive V13 cluster, which prompts
the hydrogen evolution from water. With an emphasis on the
typical superatom−molecule reaction “V13 + H2O” versus
atom−molecule reaction “V1 + H2O”, we illustrate the reaction
kinetics within a fishing-like mode, that is, a terminal hydrogen
interacting with an adsorbed hydrogen atom for H2 release.
Reactions between deuterium water and neutral vanadium

clusters comprising 1−40 atoms (Figure 1) were observed
under multicollisional conditions in a fast-flow tube reactor.
When water was introduced into the tube reactor, a variety of
reaction products were observed that we have assigned as
VnD2O, VnO, VnOD2O, VnO2, Vn(D2O)3, VnO3, and VnO4
series with varying intensities. Among them, the series of
VnOD2O and VnO2 dominate the mass distributions of the
observed products, indicating two water molecules are favored
for hydrogen release on the neutral vanadium clusters (n ≥ 3).
It is seen that the large ones (e.g., n ≥ 10) allow for adducts of
a Vn cluster with water, whereas the small ones readily react
along with hydrogen release. This is different from the previous
studies of aluminum cluster anions in reaction with water
where less HER products were observed for the small ones.2,45

The minor difference of reactivity for the clusters of similar
sizes suggests an essential distinction in electronic and
geometric structures.
V3 is found to be the smallest cluster that reacts with water

to produce hydrogen among the studied clusters, shedding
light on the importance of the multisites cooperative effect.12,46

Figure 2 presents the mass spectra of the neutral vanadium
clusters Vn with a size of n = 3−20 in the presence of different
amounts of deuterated water (∼2% D2O in He) in the flow-
tube reactor (full-scale spectra for n = 1−38 are given in Figure
S1). The partial pressures of D2O vapor in the reaction tube
are controlled at ∼20, ∼45, and ∼65 mPa, corresponding to
mass spectra in Figure 2b−d. With an increasing concentration
of D2O, the mass abundances of dehydrogenation products
gradually increase, giving rise to VnO3 and VnO4 series,
indicative of multiple water molecule reactions in sequence.
The discrimination of VnOD2O suggests that the hydrogen
release from the water via an adsorption-dissociation process.
It is worth noting the size dependence of Vn clusters in reacting
with water molecules. Interestingly, V13 is largely consumed in
the presence of relatively more water vapor, while both V10 and

V16 find prominent intensities in the mass distributions.
Repeated experiments of Vn reacting with heavy-oxygen water
(H2

18O) bring forth the same conclusion of size dependence
(Figure S2) and verify the oxygen is from the water reactant
instead of trace amounts of oxygen contamination (oxygen-16)
in the vacuum chamber. Comparison experiments on pure
helium gas were also conducted, showing the altered mass
distribution is not resulted from increased He gas collisions
(Figure S3a). In addition, we have also studied the reactions of
Vn clusters with N2 and CO2 (Figures S3 and S4) and found
the reaction with water shows the most conspicuous size
dependence among these studies.
In order to clearly display the size-dependent stability and

reactivity of Vn clusters with water, Figure 3 plots the

normalized relative rate constants. Considering the incomplete
depletion of the nascent vanadium clusters, the HER channels
for Vn to react with a different number of H2O molecules in
producing a series of products can be written as an integral
chemical equation pertaining to pseudo-first-order reactions,

m x mV (H O) V O (H O) H ( 3)n n x m x2 2 2+ → + ≥−
(1)

On this basis, we estimated the pseudo-first-order rate
constants (kn) simply by the following equation,41,44

k A A I I tln( / ) ln( / )/( )n 0 V Vn n
0 ρ= − = − ·′ (2)

and identified the normalized relative rate constants kn
rel as

k k k n/ ( 3 20)n n
rel

5= = − (3)

in which IVn
0and IVn′ are the intensities of Vn before and after

the reaction. t is the effective residence time in the reactor
(∼60 μs) and ρ is the molecule number density. As is plotted

Figure 3. (a) Normalized relative rate constants kn
rel, n = 3−20. The

insets show the lowest-energy structures of Vn clusters optimized at
BPW91/TZVP level of theory. (b) Adiabatic ionization potentials
(AIP) and vertical ionization potentials (VIP) of the neutral Vn (n =
3−17) clusters. (c) Plots of the second-order differences in binding
energies ( E2Δ , blue line) and HOMO−LUMO gaps (H−L gap, black
line) of Vn clusters.
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in Figure 3a, the kn
rel values of Vn (3 ≤ n ≤ 20) illustrate size-

dependent reaction rates with local minimum values at n = 10
and 16 and local maxima at n = 5 and 13. The smaller reaction
rates of V10 and V16 in such chemicals suggest their relative
inertness pertaining to higher stability.
We have performed comprehensive DFT calculations to

investigate the inner determinants of the size-dependent
reactivity and reveal the hydrogen evolution mechanism.
Global research of the neutral vanadium clusters was
conducted on a basis of USPEX47 combined with VASP48

(for details see Figures S5−S7), and the energy-minima
structures of Vn clusters (n = 1−16) were further optimized at
the BPW9149,50/TZVP51 level of theory using the Gaussian 09
program package.52 Considering the diversity of spin electrons
of the small transition metal clusters,53−55 we have also
checked the magnetic moments and the electronic states of the
lowest energy structures of the Vn clusters (Figures S8 and S9).
As a result, a closed-shell bicapped square antiprism,40 with the
point group D4, was found to be the ground state of V10. Also,
a singlet spherical structure with C3v symmetry was found for
V16.

56 The lowest-energy structure of V13 has a distorted
icosahedron structure with a doublet spin state. Figures 3b
presents the calculated adiabatic ionization potential (AIP) and
vertical ionization potential (VIP) of the neutral Vn (n = 3−
17) clusters. Also calculated, are the second-order differences
i n b i n d i n g e n e r g i e s , E2Δ , d e fi n e d b y

E E E E(V ) (V ) 2 (V )n n n2 1 1Δ = + −+ − , and the HOMO−
LUMO gaps of these neutral Vn clusters. As is shown in
Figure 3c, all the AIP and VIP values are less than 7 eV (the
single-photon energy of the DUV laser), among which V10 and

V16 bear relatively larger values than that of the neighboring Vn
clusters. This is consistent with the previous experimental
results that V10 bears the largest ionization energies (IE)57

among Vn (n = 3−13) clusters. As for the HOMO−LUMO
gaps, V10 also possesses the largest value among the studied
clusters, as well as the largest dissociation energies determined
by the previous study.40 In all, the energetics analysis indicates
that V10 and V16 could be the two most stable clusters in the Vn
(n = 3−16) series.
It is commonly understood that a comprehensive picture to

justify the stability of a metal cluster could involve both
geometric structure and electronic configuration as well as the
resulted energetics.12 Having determined the cluster structures
and energetics, we then calculated the partial density of states
(PDOS) and checked the canonical molecular orbitals
(CMOs) to provide further insights into the electronic
configuration of these vanadium clusters. The results of V10
and V16 clusters are shown in Figure 4 (more information in
Figures S13 and S14). It is remarkable that their degenerate
electron shells are akin to atomic orbitals, corresponding to
superatomic S, P, and D orbital characteristics. Such an orbital
feature provides robust evidence of the superatomic nature of
such transition metal clusters. This is consistent with the
previous studies that the transition metals could significantly
contribute valence electrons to the global electronic structure.
What is intriguing is that superatomic orbitals of both V10 and
V16 display neighboring 1S and 2S inner shell structure. The
dual superatomic S orbital encompassing the whole cluster
could bring forth radial extension of the global shell structure
and thus accommodation of the spherical geometry analogous

Figure 4. (a, b) Partial density of states (PDOS) and selected canonical molecular orbitals (CMOs) of neutral V10 and V16 clusters, calculated at
the B3LYP/TZVP level. The HOMO−LUMO gaps are given in eV. The orange, blue, and green curves indicate the PDOS of S, P, and D shell
types, respectively.
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to electron shell of atoms. It is reported that the exact exchange
in the functional influences the transition metal superatom
orbitals,14,15 but in this case, the functional BPW91 (Figure
S14) and B3LYP58,59 (Figure 4) give the same conclusion that
V10 and V16 own neighboring 1S and 2S orbitals. In addition to
the energy-reduced 2S orbital, V10 also displays clear
superatomic 1P and 1D orbitals, and V16 exhibits extra 2D
orbitals. Note that the lowest energy structure of V13 does not
have high symmetry, and V13H2O bears a large V-water
binding energy, a short V−O bond length (a large bond
order), and large net electron transfer between the V13 moiety
and water (Tables S3 and S4, Figure S17).
We then examined the thermodynamic energy changes for

all the “Vn + H2O” reactions (Figure S19). It is found that the
changes of enthalpy energies (ΔrH0, eV) and Gibbs free
energies (ΔG, eV) for these reactions exhibit minor odd−even
alternation, which is likely due to the variation of unpaired
electron spin density (UPSD) distributions (Figure S10)
pertaining to altered stability and activity of the Vn clusters. It
is amazing that V5 and V13 exhibit larger HER energy release,
which is very consistent with the aforementioned experimental
observation and also agrees with the previously published
study on cationic vanadium cluster reactions.41 Note that V5
aims at the critical point of 2D-to-3D structure transition, and
V13 corresponds to a collapse of the icosahedron structure.
Also, we have plotted the reaction coordinates of water with
the Vn clusters (n = 1, 2, 3, 10, 13, 16) based on DFT
calculations, with a comparison of “V1 + H2O” versus “V13 +
H2O” shown in Figure 5. The ground state 6V1 undergoes an
endothermic (1.16 eV) hydrogen release process, which is
significantly larger than the energy to remove a free hydrogen
atom (also endothermic with an insurmountable transition
state). While the reaction “V2 + H2O” is exothermic (Figure
S20b), the energy barrier in the rate-determining step is up to
1.51 eV; thus, it is also difficult for hydrogen evolution. This is
very consistent with the experimental results of no HER
products being observed for V1 and V2 in the mass spectra
(Figure 1b; also Figures S1 and S2).
The HER energy diagram of “V13 + H2O” is provided in

Figure 5b. The superatom cluster V13 is taken as an example
because V13O is the most outstanding product in VnO series
and the 13-atom clusters often correspond to superatom
character with a likely closure of geometric shell. It is seen that
the lowest energy structure of V13H2O (step B) undergoes

dissociation of the O−H bond in water with a barrierless step
toward the transition structure C, and then the hydrogen atom
falls to the surface of V13. The other hydrogen atom will rotate
to a suitable angle allowing the two hydrogens to face each
other (from D to F) by suffering a small barrier of 0.09 eV.
Note that the first O−H bond is dissociative and the hydrogen
atom can migrate easily on the vanadium cluster surface.
Before forming H2, the oxygen atom may selectively stay on
the atop site (black path) or hollow site (red path). For the
black pathway where the oxygen atom stays on the atop site,
the two hydrogen atoms can attach to each other and form a
transition structure G with a single-step energy barrier of 0.93
eV. For the red pathway, the oxygen atom will migrate to the
hollow site, allowing the two hydrogen atoms to approach each
other and form a transition state N, with a comparable energy
barrier of 0.92 eV. Although the barriers of the two pathways
are similar, the hollow site product is more stable than that of
the atop site, with a large energy difference up to 0.85 eV. In
addition, the dissociatively adsorbed H atom could migrate on
the vanadium cluster simply by overcoming a small step of
energy, enabling for an optimal H2-recombination transition
state with reduced energy barrier of the rate-determining step
(0.63 eV vs 0.92 eV). The hydrogen release through
recombination of an adsorbed H atom and a hydroxyl
hydrogen (i.e., Had + Hhydroxyl → H2) goes like a fishing
reaction mode driven by electrostatic attraction between the
electronegative and electropositive H atoms (see partial
charges for detail in the insets of Figure 5b). Such fishing-
mode reaction pathways are also addressed for V3, V10, and V16
(Figures S20−22). Essentially, this mechanism differs from the
previously established HER mechanism of two water molecules
on aluminum cluster anions by recombination of two adsorbed
hydrogen atoms (i.e., Had + Had → H2). For the final VnO
products, the oxygen atoms tend to locate on the triangle
surfaces formed by three V atoms.60

The HERs of water on neutral vanadium clusters have been
studied utilizing a customized reflection time-of-flight mass
spectrometer (Re-TOFMS) combined with a homemade 177.3
nm DUV laser for photoionization. We illustrate the stability
and superatomic orbital characteristic of V10 and V16 clusters.
Interestingly, the two clusters both display well-delocalized
electron density and degenerate electronic shell structure
allowing the energy-reduced superatomic 2S orbital to
encompass the whole cluster, thus a radial extension of the

Figure 5. Reaction pathways for “V1 + H2O” (a) and “V13 + H2O” (b). The energy values are relative to the entrance channel, are corrected with
zero-point vibration energies, and are given in eV. The marked partial charges on hydrogen atoms of the intermediates (HV13OH) are calculated at
BPW91/TZVP level of theory using natural bond orbital (NBO) method. Also displayed, are the lowest unoccupied molecular orbital (LUMO)
and surface electrostatic potential (ESP), as well as the optimized structures of intermediates and transition states.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c03809
J. Phys. Chem. Lett. 2021, 12, 1593−1600

1597

http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.0c03809/suppl_file/jz0c03809_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c03809?fig=fig5&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c03809?ref=pdf


global shell structure, which is beneficial to electronic
accommodation for spherical geometry analogous to atoms.
Density functional theory calculation also reveals that V10 and
V16 possess large second-order binding energies and HOMO−
LUMO gaps in comparison with other neutral Vn clusters,
which accounts for their unique stability. Also, we demonstrate
the HER reactivity of such transition metal clusters by taking
V13 as an example, shedding light on the HER mechanism with
a fishing-like transition state.
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