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spectroscopy yields numerous fragments and reaction products,
helium-mediated mass analysis reveals the sublimation from
bulk in units of (V>Os),. This experimental finding is supported by
a computational study which suggests a preferred sublimation
of dimers as a compromise between minimizing reconfiguration
costs and maximizing entropy. The dimers serve as building
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Oxide nanoparticles in the size range of a few nanometers are typically synthesized in solution or via laser
ablation techniques, which open numerous channels for structural change via chemical reactions or
fragmentation processes. In this work, neutral vanadium oxide nanoparticles are instead synthesized by
sublimation from bulk in combination with a pickup by superfluid helium droplets. Mass spectroscopy
measurements clearly demonstrate the preservation of the bulk stoichiometric ratio of vanadium to
oxygen in He-grown nanoparticles, indicating a tendency towards tetrahedral coordination of the

vanadium centers in finite geometries. This unexpected finding opens up new possibilities for
Received 20th December 2018 bined —the-fl thesi ¢ ticl isti ¢ tal d tal-oxide | |
Accepted 23rd February 2019 a combined on-the-fly synthesis of nanoparticles consisting of metal and metal-oxide layers. In
comparison to mass spectra obtained via direct ionization of vanadium oxide in an effusive beam, where

DOI: 10.1039/c85c05699d strong fragmentation occurred, we observe a clear preference for (V,0Os),, oligomers with even n inside
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1 Introduction

Vanadium oxides, a prominent class of the early 3d transition
metal compounds, have been objects of great interest in the
past few decades due to their very broad range of oxidation
states. This feature, together with the comparatively high
abundance of vanadium, makes this group of oxides highly
valuable for catalysis applications such as NO, reduction by
NH; (ref. 1) or the oxidation of hydrocarbons,** and suggests
new possibilities for the design of optical switching devices,
waveguides,™* and cathodes for Li-ion battery cells.?

This diversity of possible oxidation states also implies a large
variety of geometric and electronic structures. Following the
discovery of vanadium oxide nanotubes in 1998,%’ this partic-
ularly broad field of research has been extended by yet another
facet: On the nanoscale, effects such as structural finiteness,
large surface to volume ratio, and strong substrate or solvent
interactions add substantially to the complexity of these mate-
rials. From the perspective of future applications, the fabrica-
tion of vanadium oxides in a nanostructured form is a highly
attractive objective. Crucial for the development of such nano-
materials at an industrial level is a better understanding of the
underlying formation processes, which has triggered several

Institute of Experimental Physics, Graz University of Technology, Petersgasse 16,
A-8010 Graz, Austria. E-mail: andreas.w.hauser@gmail.com; wolfgang.ernst@
tugraz.at; Fax: +43 316 873 108140; Tel: +43 316 873 8157; +43 316 873 8140

+ Electronic supplementary information (ESI) available: Details of the mass
spectrum, nozzle temperature effects on droplet size distribution, additional
DFT results for the charged (V,05)'n structures, minimum energy geometries in
Cartesian coordinates. See DOI: 10.1039/c8s5¢05699d
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the He nanodroplets, which is further investigated and explained using the electronic structure theory.

review articles on the subject, focusing on techniques such as
physical vapor deposition® or the hydrothermal treatment of
aqueous solutions.’ In general, oxide nanoparticles are typically
synthesized in solution, e.g. via sol-gel techniques, micro-
emulsions, micelle/reverse micelle methods or precipita-
tion. For the production of smallest clusters, laser
vaporization is often the method of choice.” In order to allow
studies in the condensed phase, it may be combined with a flow
reactor setup.”®

A problem common to all these approaches is the strong
impact of the chosen technique on the structural outcome in
the nanometer range. In the case of synthesis in solution, the
nanoparticles are typically coated by ligands, which not only
affects the final geometries and actual properties but also limits
their usability for follow-up-treatments of other materials to
some extent, in particular if high purity is desired. Laser
vaporization, on the other hand, comes at the cost of undesired
byproducts and often highly reactive fragments. In the case of
vanadium oxide, given its high flexibility of possible oxidation
states, this implies the simultaneous synthesis of a large variety
of stable neutral and charged clusters with various stoichiom-
etries.”*** Currently, numerous efforts are made to understand
how certain gas phase stoichiometries translate into the desired
ratios in the liquid for follow-up coating processes.*

An alternative synthesis is presented in this article. It can be
considered as an offspring of helium nanodroplet isolation
spectroscopy,*** where helium nanodroplets (Hey) are exten-
sively utilized as superfluid, inert containers for the spectros-
copy of atoms, molecules and small clusters. Typically, this is
achieved via a pickup of the target molecules by a beam of
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helium droplets, created in the process of a supersonic expan-
sion of helium through a cooled nozzle. Due to the extremely
low helium cluster temperature of 0.37 K (ref. 36) and the
practically inert environment provided by the droplets, it is even
possible to synthesize very weakly bound or highly reactive
species, which can then be studied on-the-fly via optical
methods such as laser-induced fluorescence spectroscopy or
mass spectrometry. Alternatively, the structures can also be
deposited on substrates for follow-up studies via electron
microscopy,”** electron energy loss spectroscopy,* energy-
dispersive X-ray spectroscopy*' or surface diffraction methods.*

In this article, we apply the helium droplet technique to the
problematic but highly interesting case of vanadium oxide. We
will show that a pickup of pure, neutral vanadium(V) oxide
particles from vapour over the heated bulk material is possible,
and demonstrate that a follow-up ionization of these particles
inside the He droplets is less destructive than direct ionization
in an effusive beam. This is highly advantageous, as it allows us
to distinguish fragments, undesired byproducts of the ioniza-
tion process, from the actual particle distribution of vanadium
oxide vapour over heated bulk, and helps to clarify previous
discussions on stability and abundance of certain oligomers.
The correct stoichiometry for all oligomers (V,0s),, for n up to 25
is confirmed via time-of-flight (TOF) mass spectra, which is
a particularly important result for the ongoing research on the
synthesis of mixed-metallic core-shell nanoparticles with the
same technique,***** as it opens up the possibility of an addi-
tional coating with metal-oxide catalysts in future experiments.

2 Results and discussion

We begin our discussion with a direct comparison of three time-
of-flight mass spectra obtained in different experimental
scenarios as presented in Fig. 1. The first graph, Fig. 1a, is ob-
tained after direct ionization of an effusive vanadium oxide
beam by electron impact at 20 eV. Two groups of peaks appear,
which can be assigned to the structures (V,0s),, (V,05)3, and to
fragments of both, with one or two oxygen atoms removed. In
Fig. 1b, the same effusive beam is ionized by electron impact
with an energy of 89 eV, an energy commonly applied in
commercial mass spectrometers. It shows a similar mass
distribution in the range between about 300 and 600 amu, but
also the onset of the next multiple of the V,05 unit, in this case
(V,05),. From now on, we will refer to the clusters built from
this unit as (V,05),, oligomers. In contrast, the spectra below 364
amu look entirely different for both choices of electron impact
voltage. The appearance of numerous fragments for ionization
at 89 eV, while none of these peaks is visible at 20 eV, indicates
that direct ionization at larger energies is a highly invasive
method of detection, altering the actual distribution of cluster
sizes significantly. However, the spectrum obtained by indirect
ionization within the helium droplets, as illustrated in Fig. 1c,
suggests an even less destructive effect despite using the same
electron impact voltage of 89 eV, as it shows very regular and
nicely grouped patterns of peaks which can be assigned to
oligomers with n = 2, 3 and 4. This experimentally well-docu-
mented** and beneficial side-effect of He-droplet immersion
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is still not fully understood. For a tentative explanation, we refer
to a recent review article’” on the matter, stating that the
chances for a He-immersed molecule to survive ionization
without fragmentation increase with droplet size, most likely
due to a more efficient and rapid cooling of the vibrationally hot
molecular ions.

Note the lack of a clearly distinguishable V,05 signal in all
spectra shown in Fig. 1. This interesting detail will become
highly relevant for the interpretation of the extended mass
spectra presented in Fig. 2, which continues the He-droplet-
mediated spectra towards higher masses up to 5000 amu. On
the left side of the spectrum in Fig. 2 the helium droplet
distribution is visible again, with peaks separated by exactly 4
amu (see Fig. S1f of the ESI for details), but in the relevant
region above 330 amu the clearly distinct series of (V,0s),
oligomer peaks dominates the spectra. Each of these main
peaks is followed by a characteristic series of smaller signals
with a mass difference of 18 amu. They stem from the inevitable
pickup of water molecules as adsorbents, a typical contaminant
in He droplet experiments.*® During heating, the desorption of
molecular oxygen from bulk V,05 can also be observed,* giving
rise to a higher background pressure of O, (peak at 32 amu),
and, as a direct consequence, the occurrence of molecular
oxygen as a second yet barely noticeable contaminant of the
V,05 oligomers (see Fig. S17 of the ESI).

Two very interesting features become evident on the larger
scale: First, the smallest oligomer is the (V,0s), dimer, which
also exhibits the highest abundance. Second, the oligomers
themselves show a preference for even numbers of n. Mass
peaks of oligomers with even n are significantly higher than
those for odd n. This oscillating pattern is very pronounced for
smaller oligomers but gets weaker at higher masses. However,
a difference of one to two orders of magnitude can be observed
even up to n = 8. The first observation is in good agreement with
previous studies on the evaporation of V,05.** The observed
even-odd oscillations in n will be explained later in the text.

Two explanations are conceivable for the experimental
results. The first is to assume the existence of magic numbers
for the oligomers due to electronic or structural advantages in
finite geometries, a well-known phenomenon which is typical
and well documented e.g. for clusters formed by rare gas atoms
(for geometrical reasons) or metal atoms (for electronic
reasons). This hypothesis is easily tested using density func-
tional theory (DFT) calculations on the free (V,0s), oligomers in
the gas phase. Previous studies on neutral clusters,® nega-
tively®>* or positively charged fragments,**® coordinated
clusters or clusters in solution® indicate a larger number of
more or less stable stoichiometries, mostly with slight devia-
tions from the stoichiometry found in the bulk material. In
particular, the Sauer group provided a deep and systematic
structural and vibrational analysis of vanadium oxide cluster
cations to support gas phase infrared spectroscopy measure-
ments.”® In this context, peroxo and superoxo species also were
of special interest due to their role in re-oxidation processes
during catalytic reactions.®” However, to the knowledge of the
authors, no study has set a special focus yet on the formation
process and the resulting size distribution of pristine vanadium

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Mass spectra of vanadium oxide sublimated from V,Os powder, and ionized under various conditions: (a) effusive source, direct ionization
via electron impact with 20 eV, (b) effusive source, direct ionization via electron impact with 89 eV, and (c) via helium droplet beam (stagnation
pressure 20 bar, nozzle temperature 9.2 K), indirect ionization of the He-immersed particles at 89 eV. Destructive effects of the electron beam at
higher voltage are clearly visible (b), leading to numerous fragments scattered around the peaks of the (V,0Os), series, while the helium-droplet-
mediated ionization (c) appears to be the least invasive method of detection. It also shows a regular sequence with a spacing of 4 amu in the left
half of the spectrum due to the Hey cluster fragmentation, and adsorption peaks of H,O are visible after each peak of the (V,Os), series. Note the
lack of a pronounced peak at the mass of V,Os in all spectra. A full description of the spectra with labels for all peaks can be found in Fig. S3} of

the ESI.

oxide nanostructures with exact bulk stoichiometry. In helium
droplet experiments, we find this stoichiometry as result of
a chemically unperturbed phase transition from the solid to the
gas phase under fully inert conditions. Closest to our current
interest is a theoretical study of Vyboishchikov and Sauer,*
which compares the bulk structure and the neutral (V,05),
oligomers up to n = 12, but is not concerned with sublimation
energies.

The structures obtained in fully unconstrained energy
minimizations with the wB97X-V functional® and their corre-
sponding energies for oligomers with 7 = 1 to 6 are presented in
Fig. 3, where we have divided the total electronic energy ob-
tained for each oligomer by its corresponding number of
building units. Structural comparison identifies ring closure of
(V20s),, chains as the underlying formation principle. The
neutral structures are very similar to those reported earlier
except for (V,05),, where a ring-like structure, originally termed
‘4-square D,y’, is also slightly preferred over the tetragonal,
Jahn-Teller-distorted D,q arrangement named ‘4-tetra’.’>>*

This journal is © The Royal Society of Chemistry 2019

However, the curve in Fig. 3, binding energy per unit as a func-
tion of n, monotonically decreases, which refutes the assump-
tion of magic numbers in neutral cluster formation. This test
has been repeated for the cations with a similar outcome (see
Fig. S47 in the ESI for details), which further excludes a varying
stability of the oligomers after ionization as a valid argument.

This leaves us with the second hypothesis only, which
assumes a direct impact of the actual sublimation process on
the size distribution of the free gas oligomers. Vanadium(V)
oxide crystallizes in an orthorhombic layer-type structure
(Pmmm). In the first attempt to study the solid to gas phase
transition we performed periodic DFT calculations on a pristine
single layer of bulk vanadium(V) oxide with the PBE functional.
Next, we performed a stepwise removal of V,05 building units
and repeated the optimization of the layer in order to obtain
reconstruction energies after sublimation. Together with the
energy calculations for the fully relaxed free gas oligomers, with
the same computational approach we can estimate the elec-
tronic energies for the sublimation of n units via

Chem. Sci,, 2019, 10, 3473-3480 | 3475
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Fig. 2 Mass spectra measured at a stagnation pressure of 20 bar and a nozzle temperature of 9.2 K. Peaks assigned to (V,Os),, oligomers are
marked with red diamonds. Additional peaks appear due to adsorption of water molecules. An oscillation between even and odd n is visible.

E(I’l) = (Esurffnu + EZluster) - Esurfa (1)

where Eg. ¢ and Eg,r ,, are the total electronic energy of the
surface before and after the removal of n units, respectively, and
Eguster denotes the electronic energy of a free gas cluster built
from n units. Structures of the pristine as well as the distorted
layers are depicted in Fig. 4. Our choice of which V,05 unit to
remove follows the minimum energy criterion. To keep the
inevitable bias, introduced by a supercell of finite size, at
a minimum, we limit our study to a removal of not more than
four units from the bulk surface. In the next step, these energy
differences are corrected for thermochemistry. Assuming the
same entropy contributions for the pristine and the distorted
bulk surface layer, such a correction reduces to the evaluation of
entropy and enthalpy contributions for the free gas oligomers.
For higher accuracy, we use the values obtained via frequency

calculations obtained with the wB97X-V functional,®® calculated
at T= 1000-1400 K and a pressure of 10> mbar, and add them
to the electronic energies obtained in the periodic calculations.
Entropy values have been corrected according to ref. 59 for
improved estimates of contributions from low-lying vibrational
frequencies.

The resulting Gibbs energy differences are plotted in Fig. 5,
together with the electronic energy differences at 0 K, and scaled
to energies per detached V,05 unit. We find a clear preference
for the sublimation of pairs over the detachment of single units.
With increasing temperature, the sublimation of dimers
becomes most feasible (followed by tetramers and trimers),
which immediately explains the abundance of the (V,05), dimer
in the spectrum. Obviously, forming dimers upon sublimation
is a compromise between minimizing the reconfiguration costs
of the detachment and maximizing the entropy by releasing as

Size of oligomer n

Fig. 3 Electronic energy of the neutral (V,Os), clusters per building unit, plotted as a function of the oligomer size n.
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Fig. 5 Sublimation energy per V,Os unit, calculated at zero K and
under experimental conditions. Sublimation starts around 1000 K, but
is still not feasible for single units at this temperature. (V,Os),
detachment becomes preferred at higher temperatures, which
explains the much higher abundance of (V,Os), clusters with even n in
Fig. 2.

many particles as possible. The lower cost for the sublimation of
pairs overcompensates the bisection of the number of free gas
particles.

With this information the last piece of the puzzle is placed
easily: the preference for even oligomers must be a direct
consequence of this high abundance of dimers. The pickup
probability can be estimated based on vapour pressure, average
size of the helium droplets, and the length of the pickup zone
(15 mm). For the chosen conditions, the occasional pickup of
several dimers by the same droplet is very likely. We therefore
conclude that larger oligomers are formed by typical coagula-
tion processes inside the helium droplets® after a series of
pickup events of mostly (V,0s), dimers. Further evidence for the
growth of larger oligomers from these dimers via coagulation is
given in the ESI,{ where mass spectra obtained at different
nozzle temperatures are compared. With decreasing nozzle
temperature the He droplets increase in size and collect larger
amounts of (V,05), units, which in turn allows for the synthesis
of larger vanadium oxide structures and therefore extends the
characteristic pattern of peaks in the spectra towards higher
masses.

This journal is © The Royal Society of Chemistry 2019

Single layer of bulk vanadium(V) oxide in two views (a), after removal of one (b) and two (c) V,Os units.

3 Conclusions

In summary, we have demonstrated that pure vanadium(V)
oxide oligomers with correct stoichiometry can be produced by
sublimation and follow-up pickup by superfluid helium drop-
lets. Ionization, a necessary step for follow-up mass spectros-
copy, is proven to be less destructive to the sublimated particles
if they are immersed in He nanodroplets. Although the charge
hopping process during ionization inside the droplets should
deliver about the same excess energy as direct 20 eV electron
bombardment, fragmentation seems to play a much smaller
role. In agreement with other groups, we attribute this obser-
vation to the high cooling rate of the surrounding helium. The
smallest building unit for the vanadium oxide oligomers
observed in the mass spectra is (V,0s),, which is also the most
abundant species in the helium droplet beam so far. We further
observe a clear preference for (V,05), oligomers with even n
inside the He nanodroplets. This is explained by a computa-
tional study on a single layer of bulk vanadium(V) oxide, which
suggests a preferred sublimation of (V,0s), dimers. These
dimers serve as building blocks for the coagulation of larger
structures inside the droplets. Experimentally, these novel
findings indicate the emergence of a new method for the in situ
coating of metallic nanoparticles with a metal oxide of high
industrial relevance, as metal clusters can be synthesized
simultaneously with the same experimental technique via
a sequential pickup. Follow-up experiments on vanadium oxide-
coated metal clusters are currently under way.

4 Methods

Experimental setup

Highly purified He gas (99.9999%, 20 bar) is expanded through
a 5 um nozzle into a high vacuum with a base pressure of =10~°
mbar. The nozzle temperature is set at around 9.2 K in order to
produce helium droplets consisting of about 10° He atoms,
formed in the process of the supersonic expansion.®* The
resulting droplet beam is cropped by a 400 pm skimmer before
entering a separately pumped vacuum chamber for particle

Chem. Sci,, 2019, 10, 3473-3480 | 3477
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Fig. 6 Schematic of the experimental setup used for the synthesis of
(V20s), clusters inside liquid He droplets; see the text for details.

pickup. Details on the He droplet size distribution are given in
Fig. S2 of the ESI.{ A schematic of the whole apparatus is pre-
sented in Fig. 6. The setup consists of three vacuum chambers,
one for the helium droplet production (source chamber), one
for the pickup of vanadia fragments from the gas phase (pickup
chamber) and one for cluster analysis (main chamber).

By resistive heating of V,05 powder with a purity of 99.9%,
kept in a small quartz crucible (Kurt Lesker EVC2Q), to
temperatures between 1000 and 1200 K, a vapour pressure of
~107> mbar is achieved.® This determines, together with the
He droplet size and the length of the cell, the probability of
a particle pickup from the gas phase, which offers a convenient
handle for the amount of material brought into the He droplet
beam. Each pickup event causes the evaporation of helium
atoms from the droplet. This attenuation of the helium beam is
measured with a quadrupole mass spectrometer (Balzers QMA
200/QME 200). After particle pickup, the He beam is again
collimated by a 2 mm skimmer before entering the measure-
ment chamber at a base pressure of approximately 10~'° mbar.
The beam crosses the ionization region of a time-of-flight mass
spectrometer (Stefan Kaesdorf RFT 50) designed for measure-
ments of heavy compounds. Ionization is achieved via electron
impact, using electron energies of 89 eV, an average electron
emission current of =10 pA and a repetition rate of 10 kHz.
However, note that the short mean free path of electrons in
liquid helium prevents direct ionization of impurities inside
helium droplets consisting of about 10> He atoms or more.®
Typically, the ionization of an impurity inside the droplet takes
place via secondary processes such as charge hopping® or
Penning ionization,*” which impedes undesired fragmentation
through electron impact. For measurements without the He
beam we closed a valve between the source and pickup
chamber, which leaves us with an effusive beam of vanadium
oxide particles only. The detection chamber further contains
a quartz crystal microbalance, which allows us to measure the
total mass transported by the helium beam and acts as an
additional analysis tool. For further details on the experimental
setup we recommend reading of ref. 65.

Computational details

Our computational approach for the free-gas oligomers is based
on the combination of a less expensive method for pre-
optimization and structural search, in our case the GFN-xTB
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method of Grimme,*® with the application of wB97X-V,*®
a range-separated hybrid GGA density functional with VvV10
nonlocal correlation,* as it is implemented in the Q-Chem
program package.®® For O we use the polarized triple-zeta
basis set of Weigend and Ahlrichs,* for V the effective core
potential and basis set of the LANL family.”

The vanadium(V) oxide surface is described via periodic DFT
calculations, where the PBE functional™ is used in combination
with projector-augmented-wave (PAW) pseudopotentials’”* as
implemented in the Quantum Espresso suite of programs.”™ A
supercell containing 12 V,05 building units is chosen, with an
initial geometry taken from ref. 75. The geometry is allowed to
fully relax, and the box dimensions in the x and z directions are
optimized. We obtain 22.741 and 10.710 A, respectively. For the
y or (010) direction a box length of 10 A is chosen to decouple
the minimally interacting layers in our attempt to simulate the
bulk surface. Energy cutoffs (90 Ryd for the energy, 1080 Ryd for
the density) and y-distances are tested in order to provide an
accuracy of 0.05 eV or 1 kcal mol™', which lies within the
systematic error expected for the chosen functional.
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