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Abstract

A high amount of scientific effort has been devoted to unravel the properties of nanosys-
tems and discover possible applications. In our every day life, many applications are
supported by the use of nanosized systems. When approaching this size regime, various
synthesis methods are used. Most are based upon chemical synthesis or sol-gel synthesis.
For these kinds of synthesis routes, contamination due to solvent or surfactants can not
be neglected and calcination often needs high temperatures to clean the samples.

A completely different approach is used for the creation of nano structures within this
thesis. The helium nano droplet technique provides inert "nano -labs" in which the
clusters are formed. Featuring an ultra low temperature, the helium droplets enable se-
quential doping, which makes them an ideal tool for designing desired bimetallic clusters.
The growth process of the different clusters is controlled through the droplet size and
the pickup conditions during the synthesis. Here, a wide range of different adjustable
parameters is accessible. The most unique property of this technique is the lack of per-
turbation inside the droplet. The synthesis of the clusters takes place in a chemically
inert environment, because no ligands or surfactants are used.

In the volume of this thesis, the helium droplet technique is used to broaden the un-
derstanding of two different material groups: core@shell nano particles and vanadium
oxide nano particles. Starting with the core@shell clusters, it was possible to observe the
dynamics of nanoscale diffusion for the Ag@Au system and to develop a new method of
measuring it. Additionally, experiments were performed to define the diffusion barrier
needed for a nanoscale Fe-cluster to not oxidise, at ambient conditions. At the end of
the thesis, the synthesis and characterisation of V,O5 clusters were performed.



Kurzfassung

Um die Anwendungen und die Eigenschaften von Nanosystemen zu erkunden wurde in
der Vergangenheit viel Forschung betrieben. In unserem alltdglichen Leben gibt es viele
Dinge welche durch die Unterstiitzung von Nanosystemen funktionieren. Wenn man sich
auf die Ebene der Nanosysteme begibt, gibt es verschiedene Synthesetechniken. Viele
dieser Methoden basieren auf chemischen oder sol-gel Verfahren. Fiir diese Verfahren
kénnen Kontaminationen durch Losungsmittel nicht vernachléssigt werden und das Aus-
brennen dieser benétigt oft hohe Temperaturen.

Eine komplett andere Herangehensweise fiir die Synthese der Nanostrukturen wurde
in der vorliegenden Arbeit verwendet. Die Helium Nanotropfen Technik bietet inerte
"Nano-Labore" in welchen die Cluster formiert werden. Durch ihre sehr niedrige Tem-
peratur ermoglichen die Helium Tropfchen eine sequentielle Dotierung, was sie zu einem
idealen Werkzeug fiir bimetallische Synthese von Nanoclustern macht. Der Wachstum-
sprozess der Cluster wird iiber die Tropfengrofse und die unterschiedlichen Aufnahme-
wahrscheinlichkeit wihrend der Synthese gesteuert. Hierbei sind verschiedenste Param-
eter einstellbar. Die wichigste Eigenschaft der Helium Tropfchen ist aber ihre stérungs-
freie und chemisch inerte Umgebung in welcher die Nanostrukturen formiert werden.

In dieser Arbeit wurde die Helium-Tropfchen-Methode verwendet um das Verstdnd-
nis von zwei Materialklassen zu erweitern: core@shell Nanopartikel und Vanadiumoxid
Nanopartikel. Beginnend mit den core@shell Partikeln, war es moglich die atomare Dif-
fusion in Ag@Au Systemen zu beobachten und eine neue Methode zu entwickeln die
diese beschreibt. Weitere Experimente wurden durchgefithrt um die Diffusionsbarriere
zu bestimmen die ein Fe- Partikel vor der Oxidation bewahrt. Am Ende dieser Arbeit
wurde die Synthese und die Charakterisierung von V505 Nanopartikel durchgefiihrt.

II



Articles related to this work

(1) "Thermally induced alloying processes in a bimetallic system at the nanoscale:
AgAu sub-5 nm core-shell particles studied at atomic resolution" by Maximilian Lasserus,
Martin Schnedlitz, Daniel Knez, Roman Messner, Alexander Schiffmann, Florian Lack-
ner, Andreas W Hauser, Ferdinand Hofer, Wolfgang E Ernst in Nanoscale 10, 2017-2024
(2018).

(2) "On the passivation of iron particles at the nanoscale" by Maximilian Lasserus,
Daniel Knez, Martin Schnedlitz, Andreas W Hauser, Ferdinand Hofer, Wolfgang E Ernst
in Nanoscale Advances 1(6), 2276-2283 (2019).

(3) "Vanadium (V) oxide clusters synthesized by sublimation from bulk under fully
inert conditions" by Maximilian Lasserus, Martin Schnedlitz, Roman Messner, Flo-
rian Lackner, Wolfgang E Ernst, Andreas W Hauser in Chemical Science 10, 3473-3480
(2019).

(4) "Synthesis of nanosized vanadium (V) oxide clusters below 10 nm" by Maximil-
ian Lasserus, Daniel Knez, Florian Lackner, Martin Schnedlitz, Roman Messner, Daniel
Schennach, Gerald Kothleitner, Ferdinand Hofer, Andreas Wolfgang Hauser, Wolfgang
E Ernst in Physical Chemistry Chemical Physics 21(37), 21104-21108 (2019).

(5) "Stability of core-shell nanoparticles for catalysis at elevated temperatures: Struc-
tural inversion in the Ni-Au system observed at atomic resolution" by Martin Schnedlitz,
Maximilian Lasserus, Ralf Meyer, Daniel Knez, Ferdinand Hofer, Wolfgang E Ernst
and Andreas W Hauser in Chemistry of Materials 30 (3), 1113-1120 (2018)

(6) "Spectroscopy of gold atoms and gold oligomers in helium nanodroplets" by Ro-
man Messner, Alexander Schiffmann, Johann V Pototschnig, Maximilian Lasserus,
Martin Schnedlitz, Florian Lackner and Wolfgang E Ernst in The Journal of chemical
physics, 149 (2), 024305 (2018)

(7) "Modelling electron beam induced dynamics in metallic nanoclusters" by Daniel
Knez, Martin Schnedlitz, Maximilian Lasserus, Alexander Schiffmann, Wolfgang E
Ernst and Ferdinand Hofer in Ultramicroscopy, 192, 69-79 (2018)

IIT



(8) "Ultra-thin h-BN substrates for nanoscale plasmon spectroscopy" by Alexander
Schiffmann, Daniel Knez, Florian Lackner, Maximilian Lasserus, Roman Messner,
Martin Schnedlitz, Gerald Kothleitner, Ferdinand Hofer and Wolfgang E Ernst in Jour-
nal of Applied Physics 125 (2), 023104 (2019)

(9) "Helium nanodroplet assisted synthesis of bimetallic Ag@ Au nanoparticles with
tunable localized surface plasmon resonance" by Florian Lackner, Alexander Schiffmann,
Maximillian Lasserus, Roman Messner, Martin Schnedlitz, Harald Fitzek, Peter Polt,
Daniel Knez, Gerald Kothleitner and Wolfgang E Ernst in The Furopean Physical Jour-
nal D 73 (5), 104 (2019)

(10) "Effects of the Core Location on the Structural Stability of Ni-Au Core-Shell
Nanoparticles" by Martin Schnedlitz, Ricardo Fernandez-Perea, Daniel Knez, Maxi-
milian Lasserus, Alexander Schiffmann, Ferdinand Hofer, Andreas W Hauser, Maria
Pilar de Lara-Castells and Wolfgang E Ernst in The Journal of Physical Chemistry C
123 (32), 20037-20043 (2019)

(11) "The impact of swift electrons on the segregation of Ni-Au nanoalloys" by Daniel
Knez, Martin Schnedlitz, Maximilian Lasserus, Andreas W Hauser, Wolfgang E
Ernst, Ferdinand Hofer and Gerald Kothleitner in Applied Physics Letters, 115 (12),
123103 (2019)

Notes: The articles (1)-(4) are reprinted as part of this work in chapters[l{7]

IV



Contents

[1__Introduction| 1
(1.1 Organisation of this Thesis|. . . . . . .. ... ... ... ... ... ... 2
(1.2 Helium Droplets|. . . . . . ... ... oo 3
[L3 Nano Particles. . . . . .. ... ... .. )
(1.4 Basics of Catalysis| . . . . . . . ... ... .. 6

2 Experimental Setup| 8
2.1  Helium Droplet Set-up| . . . . . . . . ... .. ... ... ... ... ... 8

[2.1.1 Theoretical Basics of Helium Droplets|. . . . . .. . ... ... .. 8
12 Source Chamberd . . ... ... ... ... ... ... 11
2.1.3  Pickup Chamber| . . . .. ... ... ... ... ... ... 11
[2.1.4  Differential Pumping Stage|. . . . . . . . . ... ... ... 12
2.1.5 Main Chamber] . . . . ... ... oo oL 13
[2.2  Scanning Transmission Electron Microscope Analysis| . . . . . .. . . .. 15
2.3 UV Spectrometer| . . . . . . . . . ... 16
2.4 UHV Chamber for Catalytic Measurements|. . . . . . . . ... ... ... 17

(3 Preliminary Catalytic Results| 20
B.1 Measurement Procedurel . . . . . . ... o000 20
B2 Resulfsl. . . . . . o o 21

[3.2.1 Reterence Empty Chamber|{. . . . . . .. ... ... ... .. ... 21
B.22 Au Nanostructured . . . . .. ... ... .. L. 21
B3 Resulfs. . . . . . . 24

{4  Thermally Induced Alloying Processes in a Bimetallic System at the |

[ Nanoscale: AgAu sub-5 nm core-shell Particles Studied at Atomic Res- |

[_olution| 26
4.1 Introduction| . . . . . . . . .. 28
4.2  Experimental Setup|. . . . . . . . .. 30

[4.2.1 Nanoparticle Synthesis| . . . . . . .. .. ... ... ... .. 31
[4.2.2  Data Acquisition| . . . . . . . . . ... 31
B3 Resuld. . . . . o o 32
4.3.1 From Density Profiles to a Diffusion Constant D(T)[. . . . . . . . 32




1.3.2 D(T) for Finite Systems| . . . . . . ... ... ... ... ... 34

4.4 Phase Diagrams at the Nanoscale| . . . . . . . ... ... ... ... ... 36
Mo Conclusion|. . . . . . . . . 38
4.6 Acknowledgements| . . . . ... ... Lo o 39
5__On the Passivation of Iron Particles at the Nanoscalel 40
b.1  Introduction| . . . . . . . .. 41
(5.2 Experimental Setup|. . . . . . . ... oL 42
[>.2.1 Nanoparticle Synthesis| . . . . ... ... ... .. ... .. .. .. 43
[5.2.2  Data Acquisition| . . . . . . . . ... Lo 43

B3 Resulfsl. . . . . . oo 44
[>.3.1 Chemical Analysis of the Oxide| . . . . . . . . .. ... ... ... 47
5.3.2 Theoretical Results . . . . . ... ... ... ... ... ..., 48

B4 Conclusionl. . . . . . . . . 51
[5.5 Acknowledgements| . . . . ... ..o o1

6 Vanadium (V) Oxide Clusters Synthesized by Sublimation from Bulk |

[ under fully Inert Conditions| 52
6.1 TIntroductionl . . . . . . . . . . ... 53
6.2 Results and Discussionl . . . . . . . . . . . ... o 56
6.3 Conclusiond . . . . . . . . . . 60
6.4 Methods . . . . . . . o 61

[7 Synthesis of Nanosized Vanadium(V) Oxide Clusters below 10 nm)| 64
[.1 TIntroduction| . . . . . . . . . . . 66
[7.2  Experimental Section| . . . . . . . ... ... o 68

[7.2.1 Scanning Transmission Electron Microscopy| . . . . . . .. .. .. 68

[7.2.2  UV-Vis Absorption Spectroscopy| . . . . . . . . .. ... ... .. 69

M3 Resulfdl . . . . o o o 69
731 STEM . . . . . . e 69

[7.3.2 UV-Vis Absorption Spectroscopy| . . . . . . . . . . ... .. ... 70

[[4 Conclusionl. . . . . . . . . . . e 72
18__Conclusion! 74
9 Acknowledgement] 76
PP Cl 77

(11 Bibliography| 150

VI



List of Figures

(1.1 Schematic of the eftect of a catalyst| . . . . . . ... ... ... ... ... 7
[2.1 Overview of the setup for the creation of helium nano droplets| . . . . . . 9
[2.2  Measured velocity during supersonic expansion in comparison to effusive |
| beam velocity| . . . . . ... 10
2.3 STEM HAADEF Image of an Au cluster with different lattices visible]. . . 16
[2.4 Setup of the catalytic chamber|{. . . . . . . ... .. ... ... 17
(3.1 QMS signal for the empty chamber during heating gas inlet|. . . . . . . . 22
[3.2  QMS signal for Au clusters synthesized at 6 K| . . . .. ... ... .. .. 23
[3.3  QMS signal for Au clusters synthesized at SK| . . . ... ... ... ... 24
[3.4  Comparison of the CO4 signal from the empty chamber and one Au sample| 25
[4.1 'Transmission electron microscopy HAADF scans of a single Ag@QAu core@shell |

cluster as a function of temperature (upper images) and a Au@Ag core@shell

|
cluster scanned at the same temperatures (lower images). With increas- |
ing temperature, a softening of the contrast borders between Ag and Au |

isdetected) ... . 30

m2

Linear HAADF intensity profiles of a Ag@QAu (upper row) and AuQAg

temperature a fit ot the calculated intensity profile and the measurements

|
(lower row) cluster as a function of the observation temperature. For each |
|
|

18 performed. Each measured, temperature-dependent intensity profile is

plotted and compared to the calculated fit obtained from Equation|4.4l| . 33

Diffusion constant as a function of temperature. Black squares are de- |

rived from HAADEF measurements, the red dashed line i1s a fit based on |

Equation |4.5] the blue line is based on a revised model from Ref. [l de- |

[ rived from bulk values with a mean radius of the cluster of ¥ = 1.95nm |

and atomic binding length of A = 0.2889nm. . . . . .. ... .. ... .. 36

i

Phase diagram for the AgAu system as a function of the particle radius |

as suggested in Retf 2, compared to selected measurements ot crucial tem- |

peratures in pure and mixed-metallic systems, see text for details.| . . . . 38

VII



List of Figures

B.I

STEM HAADEF 1mages of various types of core@shell clusters. From

left to right: a.)Fe@Au core@shell (fully passivated), b.) Fe@QAuQFe-

oxide core@shell@shell , c¢.)Fe@Au with an incomplete additional shell of

iron oxide, d.) Au cluster adjacent to a Fe;O, cluster. The first three

configurations are all related to a Fe@Au core@shell structure, see text

for details. The Janus-type structure in the fourth picture is an example

of incomplete coating due to a lack of Au atoms. A tull passivation of the

Fe-core via a Au-shell isonly seenina.)| . . . . ... ... ... .. ...

B2

Classification results of nanoparticles as oxidized or not, plotted as a

function of approximative minimum Au layer thickness.|. . . . . . . . ..

.3

HAADF image of an Fe@QAu cluster without signs of oxidation. The lattice

structure of the Au-coating 1s clearly visible; in the lower lett corner its

thickness is approximately three atomic layers (marked by red arrows).|

530!

Spatially resolved EELS and EDX measurements of a three-layered system

in the form of a core@shell@shell cluster. a) Overview picture, showing

some clusters after deposition, indicating the region of the elemental anal-

ysis. b) EDX signal attributed to Au, ¢) EELS map for O, and d) the

EELS map for Fe|. . . . . ..o oo

55

BEELS spectra of the iron oxide shell of a Fe@Au@Qlke, O, cluster after

background subtraction, compared to reference EELS spectra®? obtained

for two different types of iron oxide. The O-K edge and the Fe-L, 3 edge

are presented. Coinciding details of the Fe-Ls 3 edge curvatures indicates

that the main part of the oxide-shell is FesOy4.f . . . . . . .. ... .. ..

[>.6

Slab models of Fe@QAu core@shell clusters, comprising three layers ot bce

Fe and three layers of fcc Au, with a single oxygen molecule adsorbed to

the Au surface. a) pristine structure, b) structure after swapping of a

single Fe and a Au atom at the intertace| . . . . . . .. .. .. ... ...

[.7

Comparison of energy costs for the swapping of a single Fe atom taken

at the itertace with Au atoms taken from various Au layers, calculated

for gold coatings comprising a) one, b) two or c¢) three Au layers, in

units of eV. Values obtained without oxygen are printed in black, values

obtained for geometries with a single oxygen molecule attached to the cor-

responding surface Au layer are printed in gray. For convenience, energy

differences due to oxygen presence are printed below each arrow. . . . . .

49

VIII



List of Figures

6.1

Mass spectra of vanadium oxide sublimating from VoOs powder, 1onized at

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,05), series, while the helium-droplet-mediated ionization (c)

appears to be the least invasive method of detection. The latter also

shows a regular sequence with a spacing of 4 amu in the left halt of the

spectrum due to the Hey cluster fragmentation, and adsorption peaks of

H50O are visible after each peak of the (V505),, series. Note the lack of a

pronounced peak at the mass of Vo005 in all spectra. A full description of

the spectra with labels for all peaks can be found in Figure 53 of the ESI.| 55

6.2

Mass spectra measured at a stagnation pressure of 20 bar and a nozzle

temperature of 9.2 K. Peaks assigned to (V,0s3), oligomers are marked

by red diamonds. Additional peaks appear due to adsorption of water

molecules. An oscillation between even and odd n 1s visible . . . . . . .

6.3

Electronic energy of the neutral (V,0s5),, clusters per building unit, plot-

ted as a tunction of the oligomer sizen.. . . . . . . ... ... ... ...

6.4

Single layer of bulk vanadium(V) oxide in two views (a), after removal of

one (b) or two (¢) VoOs units| . . . .. . ...

59

6.5

Sublimation energy per V,0Os5 unit, calculated at zero K and at experimen-

tal conditions. Sublimation starts around 1000 K., but is still not feasible

for single units at this temperature. (V,05), detachment becomes pre-

ferred at higher temperatures, which explains the much higher abundance

of (V20s),, clusters with even n in Figure|6.2)| . . . . .. ... ... ...

6.6

Schematic of the experimental setup used for the synthesis of (V505),

clusters inside liquid He droplets; see text for details.| . . . . . . . . . ..

7

(a) HAADF image of V,0; structures as seen in STEM, for cold head

temperatures of 8, 6.7 and 5.4K and deposited on one substrate. (b)

EELS spectrum of a selected nanoparticle. The characteristic V-L,, V-1

and the O-K edges are indicated by vertical dashed lines.”| . . . . . . ..

72

STEM HAADF image of a V505 particle (synthesised at 5.4 K cold head

temperature). Two regions are marked where lattice constants could be

extracted from the image. The respective intensity profile between the

lines is shown 1n the inset. The black lines indicate a group of planes with

a spacing of 2.7 A the blue lines mark a group of planes with a spacing of

2 A

IX



73

STEM HAADF image of a V,0;5 structure (synthesised at 5.4 K cold

head temperature). The intensity profile of the local structure between

the yellow lines is shown i1n the left corner. The distance of the peaks 1s

marked by blue lines indicating the lattice distance of 5.7A . . . . . ..

74

A comparison of lattice constants for various vanadium oxides. T'he mea-

sured lattice constants derived trom Figures|7.2| and [7.3[ and their uncer-

tainty due to the limited resolution are represented by the coloured areas.

The colours represent the respective marking in each Figure. By compar-

1son to known, much better resolved peak positions taken from powder

diffraction measurements, V,O5 is identified as the most likely oxide.” ™V |

[7.5

Size distribution of VoOs clusters derived from HAADEF images providing

a total cluster count ot 523. "Major diameter’ refers to the longest distance

within a cluster. A cutoff below 2nm was used to exclude noise. T'his 1s

the total size distribution from the deposition at nozzle temperatures of

8, 6.7 and 5.4 K on one substrate . . . . . ... ... ...

7.6

UV-vis absorption spectra of the synthesised V5,05 clusters on tused silica

(a) and reference spectra taken from Ref. [11 (b). An absorption near the

ultraviolet region is evident for the measured signal. The spectrum was

acquired by subtracting the signal of a plane spot at the support and the

spot of cluster deposition. When comparing the reference spectra to the

measurement, the similarity to the VoOs 1s visible|. . . . . . . . . . . ..




List of Tables

[2.1 Here the tactors are shown, for which the MCD measurement yields the

composition of the molecules inside the vacuum. These tactors were taken

from the quadrupole software™4| . . . . . . ... ...

XI



1 Introduction

Nanotechnology has been utilized by humankind longer than we think. In Europe for
example, the use of very fine dispersed metal particles on church windows, produces
strong and bright colours. The well-known rose window of the Notre Dame is a promi-
nent example.? This effect stems from quantum mechanical dynamics of small metal
clusters, in this case, it would be surface plasmons of the particles. A principle much
more accessible for today’s life is the high storage capability of computer chips. But
also bio-systems are using nanotechnology for functioning: the self-cleaning of the Lo-
tus flower is a very prominent example for nanotechnology used by nature.’* When
approaching the nanometre size regime, the classical physics can no longer be applied
in all aspects therefore quantum mechanical approaches get more and more important.
Theoretical physics have used different approaches to broaden the understanding of the
nano world. Up to date, experiments, as a clear validation of any theoretical observation
are essential.

Within this thesis, helium droplets were utilized as synthesis vessels for core@shell clus-
ters and new vanadium oxide clusters. The usage of this technique for the creation and
the deposition of newly synthesised nano structures has been proposed in 2007.%% In the
last years, the creation of structures with a few nanometres in size has been a funda-
mental part of the research performed at our institute. The principle underlying this
technique is quite simple: the helium droplet picks up every molecule or atom it collides
with. Therefore, if a sequence of pick up zones is established, several different materials
can be doped into the droplet, where they agglomerate. No solvents or any other chem-
icals are used in the synthesis approach, thereby the produced nano particles are clean.
The clusters formed by this technique are therefore especially suited for the study of
diffusion on the nanoscale or catalytic experiments. This thesis shows the possibility to
synthesise clusters consisting of special metal oxides. Vanadium pentoxide evaporates
in a chemically unchanged form, as is also shown in this thesis. For the measurement
of the catalytic properties, a chamber was assembled in which the oxidation of CO on
small synthesised Au clusters was measured.



1 Introduction

1.1 Organisation of this Thesis

This thesis is written in a commultative manner, which means that some scientific results
are presented as they were published in peer-reviewed journals. The publications are
separated in chapters (chapter . To elaborate on the specific work each author
has performed during publication, a list at the beginning of each article is given. The
Supporting Material for each paper can be found in chapter [10]

The basic concept of the synthesis of the nano particles by the use of a liquid helium
beam is presented in chapter 2] In this chapter a basic overview of the dynamics behind
the supersonic expansion of the helium beam will be discussed. The used experimental
setups for the publication will be visualized and also explained.

Additional to the introduction of the scientific publications, the scope of this thesis was
the construction and characterisation of a vacuum chamber for catalytic measurements.
The the basic concepts and first results are presented in chapter [3|

The published articles during this thesis are introduced chronologically. The first article
in chapter {| covers observation of heated Ag@Au core@shell clusters. In-situ heating
during Scanning Tunneling Electron Microscopy (STEM) measurements was used to
analyse nanoscale diffusion. With this experiment it was possible to link bulk properties
of the Ag/Au system to nanoscale diffusion.

In chapter 5| an article is presented, which is an extension of the first article. Here the
necessary diffusion barrier for Fe-clusters was determined for which no oxidation of an
iron core could be detected. As shell material, Au was used. A shell of three atomic
layers of Au was determined to be necessary to passivate the Fe-core. After the first
two articles, the topic of the thesis changed from nanoscale diffusion to the synthesis of
vanadium oxide clusters. In chapter [f] Time-of-Flight mass spectrometry was used to
analyse the evaporation of VoOs powder in high vacuum. Here the molecule mass of
(V205)s appeared as dominant in the mass spectra. Any fragmentation of the molecule
within the helium droplets was suppressed according to our observation.

After taking the first steps to the synthesis of V5,05 molecules, the next step was to
create clusters with much higher masses than before. The article in chapter [7] shows the
synthesis results for different measurements. Here, the identification of the oxide state
was possible due to combining different measurement techniques as STEM and Uv/Vis
spectroscopy.

In chapter [§ a summary of the presented results is given. Here also the results of the
primary catalytic measurements can be found.
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1.2 Helium Droplets

Within this thesis, all nano particles are synthesised by using superfluid He droplets.
Therefore, a short introduction should be given in this chapter.

He is the second most common element in the universe. The name can be translated
from the old greek name for the sun:"helios". This element has two stable isotopes He
and *He. *He atoms make up 5 ppm in the atmosphere, in comparison *He is much rarer
and only one in a million He-atoms is 3He.™® Therefore, experiments with *He are very
expensive, and the presented work has been restricted to “He. Hence from this point
on when writing He, the *He is deemed. Properties of He include the highest ionisation
energy for any element with 24.6 eV and the lowest boiling point, at ambient pressure,
of 4.2 K. When cooling down He below its boiling point, an additional phase transition
at 2.17K will appear. At this point (lambda point) He enters the superfluid phase.
Within this phase, the de-Broglie wavelength of the He atoms becomes wider than the
interatomic distance. Therefore, the atom’s bosonic characteristic comes into play and
the atoms condensate into a quantum-mechanical state, in which the atoms lose their
"identity" and can be described by a macroscopic wave function. Within this state He
also exhibits additional effects such as superfluidity, unlimited thermal conductivity and
other phenomena.

When the helium droplets experience vacuum conditions their temperature decreases
by evaporation cooling of He atoms and reach a temperature of ~ 0.4 K. The droplets
can adsorb any molecule they hit. The foreign molecule/atoms are either adsorbed at
the surfaces or are immersed into the droplet."” The final state for each species can be
determined by the Ancilotto-parameter. A typical species of elements which adsorbs on
the surface of the droplets are the alkali or earth alkali elements.*® For the experiments
performed during this thesis, the droplets were sent through one to two pick up regions,
in which the desired elements were present in a gaseous form. During this doping pro-
cess, different size regimes can be accessed, from simple molecule uptake (see chapter @
to the synthesis of nanometre sized nano structure (see chapter . When agglomerating,
the molecules/atoms dissipate their respective binding energy onto the helium droplets.
Due to evaporation cooling, the helium droplets keep their temperature. However, dop-
ing He droplets with foreign species leads to an interesting and unique possibility of
synthesising nano structures.

During the synthesis, the desired elements are heated within an evaporation cell to
achieve a sufficient vapour pressure to dope the helium droplets. When combining two
of these evaporation cells, it is possible to encapsulate the first doped element with a
second element. Here one of the advantages of this method comes into play, due to the
very low temperature of the droplets, the first element has already clustered, when the
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second pickup region is reached by the droplet. This core@shell structure for clusters
enables us to observe different dynamics on the nanoscale.
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1.3 Nano Particles

The properties of bulk materials differ greatly from their respective nano sized coun-
terparts. Within this thesis, we try to bridge the gap between molecule and bulk by
using a bottom-up approach to synthesise nano particles. By using the helium droplet
technique, particles of just one molecule up to several thousand can be synthesized. The
balance, between makro and microscopic properties is strongly size-dependent. There-
fore, many strange effects can be observed at this size level. Reasons for this can be the
high amount of surface atoms or quantum-mechanical effects.*”

In the past, nano materials have been studied very intensively. Due to the special
properties in optics, magnetics and catalysis; these materials hold great potential for
future applications.?"?2 However, attributes on the nanoscale are also strongly depen-
dent on possible mixing of structural changes of the materials.?® Therefore, clusters have
to be prepared with utmost care and cleanliness. On the other side, changing or en-
hancing the properties by mixing specific clusters is therefore also possible. Within this
work, core@shell clusters have been prepared by the helium droplet technique under fully
inert conditions to determine basic properties of these materials. Understanding and re-
producibly mixing of these kinds of nano-"cocktails" is an aim of ongoing scientific work.
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1.4 Basics of Catalysis

One of the fundamental principles of feeding seven billion people is related to the ap-
plication of catalysis, but is mostly unknown. The usage of fertilizer for agricultural
products is essential to gain enough harvest for feeding all people and that is were catal-
ysis is very important. For nearly one hundred years the Haber-Bosch and the Oswald
method enable to produce a huge amount of fertilizer for agricultural use. This type
of application is also important for many everyday-life products. From cleaning of car
exhausts to the synthesis of sugar, the applications are numerous.

In principle, there are two different types of catalysts: heterogeneous and homogeneous.
While heterogeneous catalysts have a different phase than the reactants (often solid
catalyst and gaseous reactants), homogeneous catalyst have the same phase (often lig-
uid) as the reactants. The principle of catalytic activity of materials is that they lower
the energetic barrier for chemical reactions. This effect can be seen in the well-known
schematic Figure (1.1, where a potential curve for a chemical reaction without a catalyst
is shown in blue and the potential curve with a catalyst is shown in red. The lowering of
the activation energy due to the catalyst is important, because it enables and enhances
chemical reactions. This lowering often takes place due to the offering of adsorption sites
on which the reactants may adsorb.

Especially small structures offer interesting adsorption sites for catalytic effects. Due
to the small coordination number even noble metals become catalytically active at sizes
below 100 nm.** For the clusters produced within this thesis a new vacuum chamber was
built and first experiments on noble metal clusters were performed. Here the oxidation
of carbon monoxide was performed at very low pressures on Au clusters for different size
regimes.
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Uncatalysed reaction

Potential energy

Catalysed reaction

Reactants

Products

Reaction coordinate

Figure 1.1: The effect of an sample chemical reaction with (red) and without of a cat-
alyst(blue) can be seen here. The reduction of the needed energy by down-
sizing the potential barrier is shown.



2 Experimental Setup

Within this chapter, a fundamental overview of the performed measurement techniques,
used within this thesis, should be given. Here the experimental setups are reviewed:

e Helium droplet apparatus,

e UV-vis spectrometer,

e Electron Microscope,

e separated UHV-chamber for catalytic measurements.

Each of these tools will be discussed and their characteristics will be given. During
the characterisation of the nano structures in chapter [7| several different measurements
techniques were performed to analyse the oxidation state.

2.1 Helium Droplet Set-up

Within this section, the apparatus for the synthesis of all nano structures, presented in
this thesis, will be discussed. It should give an overview of the usage and the features
of this setup, which was used for the publications (see chapter [4|- chapter [7).

In principle, three vacuum chambers with different base pressures are aligned. Starting
in the first vacuum chamber, in which the He beam is created, through the pick up
chamber, in which the He droplets are doped with foreign atoms/molecules, into the
main chamber in which several diagnostic tools are mounted to monitor the He beam.
A schematic overview of the chamber is given in Figure [2.1]

2.1.1 Theoretical Basics of Helium Droplets

For the basic characterisation of the superfluid He droplets, one has to look at the
condition before and after the expansion. In the present setup, He is supersonically
expanded through a small nozzle yielding an almost monochromatic beam with very
narrow velocity distribution. An effusive beam, in contrast, would have the velocity
distribution corresponding to the temperature of the gas reservoir (Maxwell-Bolzman
distribution). In Figure the difference in the velocity between the two beams is
shown. This displayed velocity profiles were taken from reference 26L It should be
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Figure 2.1: A schematic sketch of the used helium droplet machine. The setup can be
divided into three chambers. In this image, the different analytic hardware is
included, which will be discussed in the corresponding section. The vacuum
system is described below for every chamber separately, here the effective
pump volumes are displayed. This Figure was taken from 25!

noted, that the actual velocity distribution of a supersonic beam is even smaller, but
that due to measurement effects the distribution is broadened. For the measurement,
He with a purity of 99.9999% was used. The nozzle diameter used for the experiments
presented in this thesis was 5 ym. If the ratio of the pressure from the expanding gas to
the vacuum it expands into is sufficient high, the gas flow may reach sonic speed at the
nozzle. For this kind of experiments typical settings for the stagnation pressure of the
He are py = 20 bar up to 60 bar and a vacuum pressure p, of ~ 10~* mbar.

This process of expansion happens very fast, therefore it can be considered adiabatic.
This kind of thermodynamic process gives rise to adiabatic cooling of the expanding
gas. Here the internal energy of the gas is transformed to translation energy. At the
start, the gas flow is continuous, but during the expansion the interaction between the
He atoms increases. Therefore the He flow turns into a molecular current. After the
expansion, the He current is cropped by a skimmer to obtain a laminar He flow.

In the theoretical description of the supersonic expansion one treats He as an ideal
gas which is a good assumption, because it does not show any dipole moment and has
a spherical shape. For ideal gases following expression can be written:

C,—C, =R. (2.1)

Here C, and C), are the heat capacity for constant volume and constant pressure and R
is the gas constant respectively. Due to the adiabatic character of this expansion, this
process is isentropic. The adiabatic exponent v = C,/C, is constant for an ideal gas,
therefore the pressure and temperature before (P, T}) and after (P, T,) the expansion
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Figure 2.2: In this Figure a comparison between the velocity of He stemming from a
supersonic expansion and effusive source is visible. Note that the spectra of
the effusive beam was multiplied by a factor of 20 to enhance visibility and
enable easy comparison. This graph was taken from 26.

are related: .
P T\ 71
7= \7 : (2.2)
P T,

Using this Equation and performing some transformations one reads an expression for

the velocity of the He beam:20

Pvacuum ’ﬂj
va L |2-C, T 1—(—) . (2.3)
Pnozzle

Due to the monoatomic character of He we can transform C, = gn]:_i and v = 5/3.
As previously mentioned, the pressure within the vacuum chamber is ~ 104 mbar and

the pressure at the nozzle is of minimum 20 bar so PPWM is << 1 therefore can be

nozzle

hn T
v ]2 kE To (2.4)
MHe

This is the maximal velocity within the He beam. We can therefore now estimate the
velocity of the He beam within the vacuum chamber. For the most experiments the
temperature of the He beam was adjusted within a range of 5.4 K to 16 K.

further simplified to:

10
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2.1.2 Source Chamber

We start with the chamber in which the He droplets are created, the source chamber.
Here a temperature of only a few Kelvin is used to gain small He droplets. The machine
we use for this purpose is a Sumitomo RDK-408D2 cold head. The cooling takes place
with two different cooling levels. The He is forced through a 5um nozzle made out of
platin and iridium alloy. These nozzles have a diameter of 2mm and are 0.6 mm thick
and were purchased at Giinther Frey Gmbh. The He is pushed through the nozzle at
the stagnation pressure p,, with approximately 20 bar. This nozzle plate is held to the
second cooling stage of the cold head. The whole apparatus is surrounded by cooling
shields made of copper and an additional foil to enable sufficient cooling. After the
nozzle, the He beam is directed to a 400 pm skimmer. This conically formed metal
cylinder is used to crop the beam to achieve a very collimated He current. The whole
apparatus is several meters long, therefore to align the He beam is always difficult. For
the aiming of the He current, three screws are mounted on top of the cold head. With
this three-pod simple alignments are possible. When adjusting the He beam through the
chamber, one can always look at the pressure gauges. If the pressure rises spontaneously
there is a high chance, that the He current is terminated within this chamber.

During the measurements, the whole chamber has to maintain high vacuum conditions.
Due to the continuous flow of He, this requires special vacuum pumps with high pumping
volume, otherwise the pressure would be insufficient. In our case, we use an oil diffusion
pump with a pumping volume of 12000 é With this pump a maximal pressure of
10~*mbar is reached during the measurements.

Using an oil diffusion pump also has a downside, due to the character of the pump small
oil droplets can clog the nozzle. To minimize the chance of this, a continuous flow of He
is applied to the nozzle at all times. After passing the source chamber the droplet beam
enters the pick-up chamber.

2.1.3 Pickup Chamber

Within this chamber, the evaporation of the desired material takes place, which is used
to dope the He droplets.” The He droplet fly through this chamber passing two pick-
up regions. Here the desired material is located within a heating basket. For the
experiments presented, two different heating baskets were used, both were heated by
applying a current which was provided by an external power source. The types were:

e For metals: Ted Pella Style 6, Alumina Coated Tungsten Wire Baskets, ID 0.900",
768 Watts, were used. Here a tungsten wire is coated with aluminium oxide forming
a small crucible. Temperatures of ~ 2000 K can be achieved.

e For vanadium oxide: Kurt Lesker EVC2Q) crucibles were used. This type of crucible

11
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is made of silicon oxide and placed within a tungsten wire basket. With this
combination, temperatures of up to 1200 K can be achieved.

Within this thesis, it was the first time for us to evaporate VoO5. Therefore we had
to test different ovens. For all experiments in the past, using higher temperatures the
Ted Pella evaporation cell was sufficient. When using this evaporation cell for the V5,05
powder, no signal of vanadium could be detected, and when opening the chamber, it
seemed like the vanadium oxide was spilt around the heating basket. The second type
of evaporation cells was successfully used to analyse the vanadium oxide. To protect the
vacuum chamber from too high temperature of the heating cells, water-cooled shields
made of copper surround the heating baskets.

Over the crucibles a region with a significantly higher partial pressure of the desired
material is formed, through which the He beam is guided. The particles are picked up
by the He droplets. The foreign particles get adsorbed by the droplet and due to the
temperature of the He droplets of 0.37 K, agglomerate to structures within nanometre
size.”d By varying the temperature of the crucibles, one also varies the numbers of
evaporated molecules/atoms. So the amount of molecules picked up by the He droplet
can be varied. In this way, different size regimes can be accessed.

During dotation of the He droplets the foreign particles would hit the droplets with
an angle of 90°. Although the droplets have a higher mass, the momentum transfer is
sufficient to alter the direction of the droplets, so that the He beam is terminated inside
the pickup chamber. To prevent this one-sided momentum transfer, a second crucible is
mounted on top the first one (leaving approximately one cm space in between), therefore
the foreign atoms get reflected on the top crucible and the direction of the droplet is
therefore not altered. Both crucibles are parallel connected to the external current, so
that both have the same temperature.

The vacuum system used for this chamber consists of one turbo molecular pump (TMP)
with a rotary vane fore pump. During the experiments a pressure of ~ 5 - 10~" mbar
is measured in this chamber. When the He droplets pass the pick up chamber they go
through an additional skimmer with a 2mm aperture at the end.

2.1.4 Differential Pumping Stage

Between the pickup chamber and the main chamber an additional chamber is mounted
in which optical measurements can be performed. For the experiments presented in
this thesis, this chamber only served as differential pumping stage. The pressure in this
chamber is in the range of 10~® mbar during measurements.

12
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2.1.5 Main Chamber

The last chamber of the setup served for most of the characterisation of the He beam.
The pressure within the main chamber is ~ 5-107'° mbar. It is very important to achieve
pressures this low, because otherwise, measurements like mass spectroscopy would be
very inefficient. During mass deposition with the He beam the pressure rises up to
~ 1-10"8mbar. For the incoming He droplets the first measurement possible is the
Time-of-Flight mass spectrometer.

Time-of-Flight Mass Spectrometer

For the measurements presented in chapter [6|we used a Time-of-Flight mass spectrometer
RFT50 with electron impact ionisation, a post acceleration of 20kV and a reflectron.
An overview of this tool should be given in this chapter. As the name clearly states, the
mass of the ions is measured by the time of their flight through a tube to hit a multi
channel plate (the detector). For the ionisation, electrons from a heated filament are
used. The electrons are accelerated by a known potential U, ¢, which defines the energy
the electrons have at impact. In principle, when the electron hits an atom/molecule
whose ionisations energy is below Uy, it will ionise the atom. This atom is therefore
positively charged. To enhance the probability of an ionisation event, magnets are used
to force the electron onto a spiral trajectory. Due to this elongation of the electron path,
the density of ions is higher. After the ionisation event, the ion is extracted into the flight
tube. For which is achieved by two electrodes, an extractor and a repeller. The repeller
is positively charged and the extractor is negatively charged. When now assuming, that
every ion has one positive charge, each particle gains the same kinetic energy, because
of the used electric field. Now the ions can have different masses, therefore the velocity
also is different. This results in different times for each mass in the flight tube until the
detector is hit.*”

Within the He droplet the ionisation of the submerged dopant mostly happens due to
charge transfer from an ionized He atom. During this process the electron hole jumps
to He atoms close by.?" For big He droplets, this dynamic can be described by a random
walk. For smaller droplets, the movement of the hole can not be described as a random
walk anymore, because the direction is pointed towards the dopant. This orientation
stems from long range induced dipole interaction.®? An additional ionisation process
within the He droplet also can be Penning ionisation. An electronically excited He atom
can be formed by inelastic collision with an electron. The electron energy has to be
above 19.82 ¢V 3L Electronically excited He atom now can interact with the dopant due

to Penning ionisation,
He* +D — He+ D™ e, (2.5)

13
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In Equation the process of Penning ionisation of an arbitrary molecule is shown,
which leads to the formation of an ion inside the He droplet. One could argue, that this
only happens if the dopant ionisation energy is below the excitation energy of He, but
this is universally applicable, because there is no known molecule for which it would not
be sufficient.*” Important to mention is, that also double ionisations of the dopant may
occur, when the excitation energy of He is higher than the second ionisation energy.=?
Hence, it is possible to see double ionised masses within the TOF spectra and one has to
be careful when analysing them. The detector used was a 3 stage Multi Channel Plate
(MCP). In principle, this kind of detector consists of an array of small parallel adjusted
electron multipliers. The amplification of these devices is in the range of 10* to 107.53
Important for the measurement is that all ions hitting the detector are measured. To
improve the signal of incoming ions, the MCP is slightly tilted to the flight path of the
ions.

Quadrupole Mass Spectrometer

Within the main chamber, a Quadrupole Mass Spectrometer (QMS) is mounted for
several reasons. One reason is to analyse the residual gas inside the chamber and look
for leaks. In our case, the QMS has an additional task to fulfil. It is mounted off beam
axis, to monitor the He partial pressure inside the chamber. When doping the He droplet
with foreign species, they agglomerate inside the droplet and binding energy is released.
This energy is dissipated by evaporation of He atoms. Per He atom one can assume 0.62
meV (5 cm™1) of transferred energy.“® For the binding of two metal atoms several (e.g.
for Au 3.81eV)%¥ eV of binding energy are released. This can be measured by the QMS
during experiments. This parameter of attenuation of the beam is very important for
experiments, because if not monitoring the He beam, one could totally "destroy" the
beam by evaporating too much material, so that no He droplets would enter the main
chamber. Common attenuations during cluster synthesis are in the range of 25% to
75 %.

Quartz Crystal Microbalance

When depositing clusters on surfaces the coverage is an important parameter. We use a
quartz microbalance to estimate it. With this tool it is possible to measure very small
depositions. Due to the small size of the clusters also the mass depositions of these
structures is very small and is in the range of 107 24 to 107 -£4-. The working
principle of these microbalances is very simple. When a piezoelectric quartz oscillates
resonantly, the frequency changes due to deposited mass on the crystal. A voltage is
applied with a high frequency between 4 MHz and 6 MHz to stimulate the quartz. The
change of the resonance frequency due to deposited mass can be described as (Sauerbrey-
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equation)=®

2

Af = —%m. (2.6)
f is the resonance frequency of the quartz, A f is the shift in frequency, Z is a constant
and m is the deposited mass. An additional parameter, for the measurement of the
deposition of the He beam, is a constant temperature of the quartz crystal. Here a setup
was used to keep the microbalance at a constant temperature and to inhibit temperature
influence from outside.

Note, that for the deposition of the V5,05 always very low deposition rates were measured.

2.2 Scanning Transmission Electron Microscope
Analysis

One of the most important diagnostic tools for the nano structures, has been the Scan-
ning Transmission Electron Microscope (STEM). Especially the high resolution of the
measurements was a key factor for successful analysis of the nano structures with sizes
< 10 nm.

The whole subject of STEM measurements would exceed the volume of this thesis, there-
fore only a small overview of principles should be given in this chapter. A very detailed
overview of the principle of STEM is found in reference [37.

In principle, electrons are emitted from a cathode by heat or by field emission and are
accelerated towards a system of lenses. These lenses focus the electron beam onto the
specimen. In contrast to a Scanning Electron Microscope (SEM) the electrons have to
penetrate through the sample to be detected on the other side. For focusing the electron
beam electromagnetic lenses are used. It is possible to penetrate up to 100 nm of sample
thickness. The resulting picture is then projected onto a fluorescent screen or a CCD
chip. The interaction from the electron with the sample can be roughly divided into
two types. The elastically scattered which are important for the creation of the picture
and the inelastically scattered electrons which are used for analytic measurements. All
measurements presented in this thesis were measured on a probe-corrected FEI Titan3
G2 60-300. Especially the High Angular Annular Dark Field (HAADF) recording tech-
nique was utilized. Here the material contrast is very high, so that different elements can
be distinguished. Also an acceleration voltage of 300kV was used for all experiments.
Qualitative measurements were performed inside the STEM. Here a Gatan Quantum
energy filter for Electron Energy Loss Spectrometry (EELS) and four-quadrant Energy
Dispersive X-ray spectroscopy (EDX) detectors (FEI Super-X) supported the STEM
measurements. An additional technique for in-situ heating was used: Small STEM
grids with a tungsten heating coil purchased from DENSsolution (rid Nano-chip XT
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Carbon) were used. These chips can be heated to a temperature of 1300 °C with heating
ramps of 200%.

With this setup atomic resolution was achieved. Especially, the lattices of the crystal
forming the clusters are visible in the HAADF images. An example picture can be seen
in Figure 2.3 Hence, by analysing the lattice distances also some analytic determina-
tions can be performed regarding the clusters. Within this thesis, this technique was
used to aid the determination of the vanadium oxidation state of clusters.

3 nm

Figure 2.3: Image of an Au cluster in which the lattices are visible. Three different
regions are visible: (red) a lattice distance of 0.24 nm was measured indi-
cating the (111) surface (0.234nm), (blue) lattice distance of 0.12nm was
measured which indicate (222) (0.117nm) lattice and (green) a lattice dis-
tance of 0.20nm was measured indicating the (200) (0.2035nm) lattice.58
Note that for the blue region also different lattices assignments would be
possible. The error of this measurement is ~ 0.01 nm.

2.3 UV Spectrometer

As another measurement method presented in this thesis UV /Vis spectroscopy was used.
Therefore different nano structures were deposited onto a fused quartz plate (Corning
7980). Due to the setup of the spectrometer, a UV-1800 Shimadzu, an additional slide
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was inserted as a reference to the first one. It was important that plate holding the
sample clusters and the reference one were totally clean. Even the slightest dirt would
destroy the measured signal. Although totally clean and from the same patch, often
a rudimental offset was determined during the measurements. The measured spectra
started at 190 nm and ended at 1100 nm.”? The fused quartz has a ~ 0 % absorbance
over a wide spectral range. However, at wavelength below 300 nm the absorbance of
the quartz starts, resulting in a strong shift in the absorption.®? The results of these
measurements were a fundamental part of chapter [7] because here the identification of
the vanadium oxide was performed based on to the UV /Vis absorption.

2.4 UHV Chamber for Catalytic Measurements

To measure catalytic activity at low pressures a test vacuum chamber was built. The
rudiment principle behind these experiments was to place synthesised nano structures
inside this chamber and to introduce gas into this chamber via leak valves and see the
resulting catalysed molecules. The chamber volume was designed such as to minimize
interactions with the walls. As analysing tool a QMS with a secondary electron multiplier
was used. An image of the chamber can be seen in Figure 2.4, The chamber is a small
stainless-steel container with eight CF-40 flanges. The desired catalytic reaction was the
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Figure 2.4: Schematic overview of the chamber built to measure catalytic activity of

nano structures. Two leaking valves were used to vent small amounts of the
desired gases into the chamber up to pressures of ~10~% mbar.
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oxidation of carbon monoxide with oxygen to carbon dioxide:
2. CO+0y—2-CO0s. (2.7)

A flange was needed for a thermoelement inlet, which was mounted onto the sample
holder. Note, that the QMS was separately pumped by a turbo molecular pump. Within
this chamber a pressure of 1-10~? was achieved after bake out. Note that, the pressure
during all these procedures was measured by a Leybold ITR 90(T).

The gas inlets of the CO gas was built by using stainless steel pipes with a diameter
of 6mm. The gas was ordered at Linde with a purity of 99.9%. To ensure minimal
contamination due to residual gas, the pipes used for CO were pumped to a vacuum of
< 1mbar before the CO was let into these pipes. The signal in the chamber measured
by the QMS indicates a sufficient purity. The same procedure was performed for the O,
inlet, which also resulted in sufficient purity in the QMS signal of the chamber.

For controlling the temperature of the sample, a setup containing a heating cartridge
was used. A small cylinder of copper was welded to the flange pointing into the vacuum.
The copper had a drilling on the non-vacuum side to slide the heating cartridge in. Onto
the copper cylinder a stainless steel cube was mounted on which the sample was placed.
Also, a K-type thermoelement was mounted next to the sample. All copper parts were
surrounded by a layer of stainless steel to inhibit any surface reaction on the copper.
For controlled heating, an Eurotherm modulator (EPC 3004) was used to operate a
solid-state switch. This switch limited the time in which a power supply heated the
cartridge. With this device it was possible to apply a very continuous heating ramp for
the measurement.

The QMS was turned to the Multi Concentration Detection (MCD) mode. The intensity
of the counts of each mass is multiplied by a calibration factor to represent the total
concentration inside the vacuum. In table the used parameters are shown. This
enabled us to better analyse the composition inside the chamber, because not only each
ion current for the masses, but also the composition inside the vacuum chamber, was
logged.
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Table 2.1: Here the factors are shown, for which the MCD measurement yields the com-
position of the molecules inside the vacuum. These factors were taken from

the quadrupole software."2

Ion Mass (amu)
Molecule | 2| 12 | 16 [ 18| 28 [ 32 | 40| 44
CO 00 0 01 [o o o
C0O2 0/001][01 [0 [02][0 |0 |15
H20 00 0011 [0 [0 |0 [0
02 00 01 [0 [0 [08|0 [0
Ar 00 0 010 [0 |1 o0
H2 110 0 0 ]lo (o [o o
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The first experiments within the home-built catalytic chamber are presented here. Mea-
surements on different Au clusters are presented. The reader should keep in mind that
only a short period of time was used for the measurement, because after the first six
months of building and measuring the aim of the project was changed. Nonetheless,
the results of this setup will be presented in a compact way and improvements will be
discussed to enhance the coming results measured with this chamber.

3.1 Measurement Procedure

Before each measurement different procedures were performed to assure the reproducibil-
ity of the measurements. The first step was to turn on the QMS and to measure a
spectrum of the residual gas before the reactants were inserted into the chambers. The
next step was to prepare both gases within their respective supply pipe and then slowly
increase the partial pressure of both. Here a typically pressure of 2-10~7 mbar was used
for the CO and a pressure of 3-10~" mbar for the O,. After adjusting both pressures
by the dosing valves, a short period of time (&~ 5min) was taken till the pressure at
the pressure gauge was constant. Then the pressure gauge was turned off. Afterwards,
the heating program of the sample started. Here a temperature of 350° C was used as
maximum temperature. A heating ramp of 2° C per minute was chosen. The aim was
to find or detect the temperature for which the samples would raise the CO4y pressure
in the chamber by transforming the CO and O,.

During the duration of the measurement the QMS measured the partial pressure of each
gas. The flow of the gases into the chamber was kept constant until the maximum tem-
perature was achieved. On reaching this temperature, after some time, the ratio of CO
to Oy was changed and the CO, signal was observed. This variation was performed by
changing the CO pressure from a factor of ~ 10 % to a factor of <1. After this pressure
variation was performed the partial pressure of the CO is regulated to the same amount
as before, and the cooling is initiated. Here the power to the heating cartridge is turned
off. Also for this step, partial pressures are logged.

This measurement cycle would normally be performed several times for one sample. The
samples measured within this chamber were nano structures synthesized by the helium
droplet technique. As support fused silica slides (SiO2) were used, because in this first
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step of catalytic measurements, a support with no strong interactions with the catalyst
was desired. Also, the handling of these slides was undemanding, because there have
been previous measurements performed using this kind of substrate.*!

3.2 Results

3.2.1 Reference Empty Chamber

Within this section, a few selected experimental results will be presented and discussed.
As mentioned in the previous section, the typical measurements were separated in three
different regions. In Figure [3.1] one can see the measurement for the empty chamber
with a clean SiO, chip, after bake out. The three regions marked in the Figure represent
the following parts in the measurement:

1. The gas inlet is adjusted to the desired pressure and the heating is started from
room temperature to 350° C. During heating, the inability of the leaking valves
to provide a constant pressure is seen. KEspecially for the Oy valve the signal is
constantly shifting.

2. Here the sample temperature reached 350° C. After several minutes the CO pres-
sure is varied to achieve different CO to O4 ratios.

3. During this time span, the heating voltage was cut to zero and the sample was
cooled down to room temperature. The two distinct peaks around 15:36 are the
turning on of the pressure gauge.

3.2.2 Au Nanostructures

As one test the catalytic activity of different Au structures was measured. Therefore
two samples were synthesized at different cold head temperatures and were deposited
onto SiOs plates. These plates were subsequently transferred into the reaction chamber.
The same measurements as seen in Figure [3.1] were performed. For a better visibility,
the different region will be marked by black lines. The first presented sample was syn-
thesized at 6 K and 60 bar stagnation pressure and a deposition time of 30 minutes was
chosen. The results of this sample are shown in Figure [3.2]

The same experiment was performed with a different size regime of Au clusters. The
synthesis parameters for the second patch of clusters were 8 K, 60 bar and 1 hour de-
position time. The measurement was performed very similarly and the ion currents are
visible in Figure [3.3]
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Figure 3.1: Here the measured ion currents for the different masses are shown for a
cleaned chamber with a SiOy chip similar to the ones used for the nano
structure deposition. Also, the measurement can be separated in three dif-
ferent sections which are discussed in the text. The legends depicts the most
common molecule for the specific mass.
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Figure 3.2: The measured ion currents for the different masses are shown for Au clusters
on a SiO, plate. The Au clusters were synthesized at a stagnation pressure
of 60 bar and 6 K cold head temperature. The legends depicts the most
common molecule for the specific mass.
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Figure 3.3: The measured ion currents for the different masses are shown for Au clusters
on a SiO, plate. The Au clusters were synthesized at a stagnation pressure
of 60 bar and 8K cold head temperature. The legends depicts the most
common molecule for the specific mass.

There have been several reports in the past that published the oxidation effect of Au
clusters.®2 The temperature of many measurements was below the maximum tempera-
ture here used. But when passing the temperature suitable for the Au clusters activity
one should see a change in the CO, signal.

3.3 Results

The results presented in the previous section will now be discussed. When comparing
the results of the empty chamber and the one with a sample, plotting the CO, signal
is essential, because if there would be any oxidation of CO it would change the slope of
this signal. The reader should keep in mind that the experimental process is very similar
for both measurements, therefore both results are plotted in one graph, which can be
seen in Figure [3.4] Here the similarity of both measurements is clearly visible. The only
small difference notable is the different behaviour of the CO, signal during the pressure
variations on around 7000 for the sample and 7000 and 8000 for the empty chamber.
Due to the similarity of the signals, it must be concluded that for measurements with
this amount of deposited mass the present chamber is too insensible. Several additional
measurements had been performed with similar results. Possible factors to improve
future measurements may include:
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Figure 3.4: The CO, signal of the empty chamber, with the signal of the Au clusters
(synthesized at 6 K) during one experimental cycle is plotted. To enable
simple comparison the time on the x axis was turned to an arbitrary time.
The legends depicts the most common molecule for the specific mass.

1. using a QMS with a better sensitivity

2. building a heating stage, with which the surrounding chamber would not be heated

3. using chemical reaction for which the resulting products are now residual vacuum
gas
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Reprinted with permission from "Thermally induced alloying processes in a bimetallic
system at the nanoscale: AgAu sub-5 nm core-shell particles studied at atomic reso-
lution" by Maximilian Lasserus, Martin Schnedlitz, Daniel Knez, Roman Messner,
Alexander Schiffmann, Florian Lackner, Andreas W Hauser, Ferdinand Hofer, Wolfgang
E Ernst in Nanoscale 10 (4), 2017-2024 (2019).

Abstract

Alloying processes in nanometer-sized AgQAu and Au@Ag core@shell particles with av-
erage radii of 2 nm are studied via high resolution Transmission Electron Microscopy
(TEM) imaging on in situ heatable carbon substrates. The bimetallic clusters are syn-
thesized in small droplets of superfluid helium under fully inert conditions. After depo-
sition, they are monitored during a heating cycle to 600 K and subsequent cooling.The
core-shell structure, a sharply defined feature of the TEM High-Angle Annular Dark-
Field images taken at room temperature, begins to blur with increasing temperature and
transforms into a fully mixed alloy around 573 K. This transition is studied at atomic
resolution, giving insights into the alloying process with unprecedented precision. A new
image-processing method is presented, which allows a measurement of the temperature-
dependent diffusion constant at the nanoscale. The first quantification of this property
for a bimetallic structure < 5 nm sheds light on the thermodynamics of finite systems
and provides new input for current theoretical models derived from bulk data.

4.1 Introduction

Core@shell nanoparticles represent a class of materials with unique physical properties
and various fine-tuning possibilities with respect to size, morphology and the variety of
composition. Due to this extreme flexibility, a wide range of potential applications has

been suggested for these materials.2V 22

Among the elements used for nanoparticle synthesis noble metals play a major role. 4342
The increase in occupation number of the d-orbital and the rise of cohesive energy for
elements with higher atomic charge 7 inside a group in the periodic table, determine
silver and gold as the noblest metals within the transition metals.“® At the nanoscale the
ratio of surface to volume increases dramatically. A higher fraction of atoms at the edges
and corners effectively reduces the mean coordination number and is therefore boosting
the chemical reactivity.*” Under the influence of an electric field, the electrons of these
nanostructures show coherent collective oscillations known as plasmon resonances. The
combination of gold and silver has highly desirable functionality with possible appli-
cations in catalysis and medicine.***? Furthermore, both elements are highly resistant
to oxidation under ambient conditions as well as during TEM measurements, and their
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phase diagram does not show a miscibility gap. Their inertness completely removes any
oxidation or contamination issues during the synthesis of the core@shell structure. This
set of properties makes the AgAu system ideal for a detailed study of alloying at the
nanoscale.

Theoretical approaches such as the CALPHAD (Calculation of Phase Diagrams) have
been developed in the past to describe the alloying process in nanosystems.”%>! These
calculations rely entirely on assumptions based on thermodynamic data of the bulk."?
However, in the sub 5nm regime, the surface to volume ratio dramatically increases
and quantum effects become important. Thus, nanoscopic thermodynamic properties
deviate significantly from their macroscopic counterparts. Related phenomena such as
diffusion and alloying are completely unexplored in this size regime. Only for larger
AgAu clusters, with radii of several tens of nm, attempts have been made to measure
the diffusion via laser-induced heating. 24

In this article, we introduce a new approach in order to describe the alloying of
nanometre-sized bimetallic particles based on thermodynamic data obtained in TEM
studies, with unprecedented atomic resolution maintained during the entire heating pro-
cess. The bimetallic particles are grown under fully inert conditions, and deposited on
amorphous carbon substrates for TEM imaging during controlled heating. We show
how the diffusion constant can be extracted from TEM images and used to quantify the
alloying progress as a function of temperature and time.

For the nanoparticle synthesis we exploit superfluid He nanodroplets (Hey) as nanolabs
for the production of mixed-metallic structures in the nanometre range. The dotation

50HOT

of Hex with particles is well established in spectroscopy, and has recently been

adapted for the controlled production and structure preserving soft deposition of metal
clusters, #0980

Within this method, a beam of He nanodroplets, created via a supersonic, adiabatic
expansion of pressurized helium through a cooled nozzle, collects metal atoms from vapor
when passing a series of pickup zones. Due to the extremely low droplet temperature of
0.37 K% the metal atoms start to coagulate and form clusters inside the droplets, which
act as cryostats and fully inert synthesis chambers at the same time. This offers not only
the possibility of a sequential doping with different metals in any order but also allows
us to study metastable structures which are not accessible with conventional techniques.
The low temperature of the droplets and their ability to effectively dissipate the binding
energies released during the formation of metallic bonds enables the synthesis of cluster
geometries far from the global thermodynamic minimum. Another large advantage is
the ability to grow clusters without any solvent- or template-induced effects. Also,
typical problems of the solution-based synthesis such as large differences in the reduction

6768 are avoided.

potentials and a reduced miscibility at lower temperatures
Our article is structured as follows. Details of the experimental setup are presented

in Section [6.4 In Section [£.3] we provide the theoretical background for the proposed
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relation between two-dimensional scans over TEM image intensities and the diffusion
constant. This quantity is then used to evaluate the alloying behaviour for the investi-
gated systems as a function of the temperature. Section [£.4] is dedicated to an overall
comparison of the observed diffusion processes in the AgAu system to predictions of Lee
et al.,2 who suggested a method to derive particle-size dependent phase diagrams from
known values of the bulk.

T =448 K T =573 K

Figure 4.1: Transmission electron microscopy HAADF scans of a single Ag@QAu
core@shell cluster as a function of temperature (upper images) and a Au@QAg
core@shell cluster scanned at the same temperatures (lower images). With
increasing temperature, a softening of the contrast borders between Ag and
Au is detected.

4.2 Experimental Setup

For details of the experimental setup we refer to Ref. [60. In short, He gas with a purity
of 99,9999% and a constant pressure of 20 bar is expanded through a 5 um nozzle, which
is kept at temperatures below 8 K, into a vacuum of ~ 10~° mbar. Depending on the
nozzle temperature different mean droplet sizes can be produced.? After croping with
a 400 pm skimmer, the resulting He beam passes the pickup chamber (base pressures
of ~10~"mbar). Here, the helium droplets are doped with the desired metals while
crossing through two separate pickup cells. Inside these cells, the desired metal species
are heated to generate enough vapour pressure for pickup. The probability for parti-
cle pickup, the mixing ratio as well as the total amount of metal in each droplet can
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be controlled via separate adjustments of the individual cell temperature. Metal atoms
captured by the helium droplets start to agglomerate and form cluster or wire-like struc-
tures during the flight through the vacuum chamber. Wire-like structures are created if

0AT0 5 phenomenon which has

the superfluid helium droplets exhibit quantum vortices,
been observed in the size regime beyond 3-10% helium atoms per droplet.%® The energy
which is released during metal bond formation causes a partial evaporation of helium
atoms from the droplets. This is monitored by a quadrupole mass spectrometer. Af-
ter pickup, the helium beam is again collimated with a 2mm skimmer and enters the
measurement chamber with a base pressure of ~ 5 - 107 mbar. The bimetallic clusters
are deposited onto heatable TEM grids (DENSsolutions Nano-Chip XT carbon) in a

soft-landing process where any remaining He is vaporized. ¢4l

4.2.1 Nanoparticle Synthesis

The cold He environment allows for a controlled synthesis of core@shell structures in any
desired ordering via sequential doping. Depending on the original He droplet size before
the pickup of metal atoms and the vapour pressure in the pickup cells it is possible
to create either core@shell cluster particles or core@shell nanowires. Details of the
latter procedure can be found in Refs. [72| and [73, where the phenomenon of quantum
vortices was exploited to obtain enhanced one-dimensional growth. First observed in
bulk superfluid helium (He II), vortices can attract dopants which are immersed

7778

in the helium due to a pressure gradient around the vortex core, which causes a

preference for wire-like structures.™®}

In the current manuscript, we focus on the regime of core@shell nanoparticles produced
at a nozzle temperature of 6.7 K and a pressure of 20 bar. This corresponds to an
average size of N ~ 107 helium atoms per helium droplet.5 At these conditions, metal
clusters with diameters <5nm are produced inside the He droplets. Their shape is best

1.%¥ For the synthesis of nanometre-sized core@shell clusters we have

described as spherica
chosen a helium droplet dotation ratio of 20 at.% core and 80 at.% shell material. On
average, clusters with a radius of 2 nm are produced, which corresponds to approximately

2500 metal atoms per cluster.

4.2.2 Data Acquisition

After deposition on a heatable amorphous carbon TEM grid the particles are studied
via a High-Angular Annular Dark-Field (HAADF) imagine detector using a FEI Titan®
G2 60-300. A Gatan quantum energy filter attached to the microscope is employed for
Electron Energy Loss Spectroscopy (EELS). Complementary, a four-quadrant Energy-
Dispersive X-ray spectroscopy (EDX) detector (FEI Super-X) is utilized. The temper-
ature of the heatable carbon grid can be varied between room temperature and 1500 K
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with heating rates of up to 200 K/ms. In the presented experiments the temperature is
increased from room temperature to 573 K in steps of 25 K.

4.3 Results

Our approach enables us to perform in situ observations of the nanoscale alloying of Au
and Ag core@shell nanoparticles with atomic site resolution. Figl4.1] shows an example
of a Ag@Au (top panel) and Au@Ag (bottom panel) core@shell nanoparticle at different
substrate temperatures. With the recorded HAADF intensity being proportional to Z2
(with Z as the atomic number of the corresponding element),® it is easily possible to
distinguish between the bright gold atoms and the darker silver atoms. With increasing
temperature, the initially separated elements diffuse into each other. In particular, when
comparing images taken at 448 K to those taken at 573 K, an intact core can still be
seen at the former temperature but disappears completely at the latter.

4.3.1 From Density Profiles to a Diffusion Constant D(T)

We present a convenient technique for the extraction of the temperature-dependent
diffusion constant of a given metal combination directly from HAADF observations. As
described in section [5.2.1] our synthesis method allows the full encapsulation of any
metallic core material A by a metal of type B or vice versa. Assuming a spherically
symmetric cluster, the initial, radial density profiles pa(r,t = 0) and pg(r,t = 0) of the
core and the shell, respectively, can be approximated by an analytical expression d(r, R)
built from error functions,

d(r, R) = % (erf (rjif) et (7;)) , (4.1)

with the definitions
pa(r.0) = d(r, Ry). (12)
pB(Tv 0) = d(?’, RB) - d(T‘, RA)? (43)

with Ra denoting the core radius and Rpg the outer radius of the bimetallic cluster,
as indicated in the upper left image of Figure [4.1] The slope of the density profile is
described by the parameter o which controls the smoothness of the density progression
at the transition zone from metal A to B. These initial profiles p;(r,t) (for i = A, B)
are then numerically evolved in time as described by the spherical Einstein diffusion

equation,®?

ot Or or r Or or?’
with the diffusion constant D entering the equation on the right hand side. Note that our

(4.4)

model considers metal diffusion processes of a finite spherical object, which is reflected in
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the choice of setting D = 0 for r > Rg. With this assumption and the initial condition
pi(1r,0)=p; o Equation can be solved numerically via a finite differences approach.
The choice of Gauss error functions for the initial shell density keeps the derivative of
the first term on the right hand side of Equation [4.4]finite. Note that this term vanishes
in the standard form of the diffusion equation for a constant D; its presence here is
a consequence of the finite cluster size and prevents the system from an unphysical
diffluence. The solution p;(r,t) is then used to obtain a simulated intensity profile
of the cluster as a function of the diffusion progress. For a direct comparison to the
two-dimensional, experimentally accessible observable, the radial density distribution
has to be converted into an intensity profile. With the intensity being proportional
to the projected density, such a profile is obtained by the integration of p;(7t), the
corresponding spatial density distribution, over one cartesian coordinate, and plotting
the result as a function of one of the remaining coordinates. A comparison of the
simulated profiles to the angularly averaged TEM data for Ag@QAu and Au@Ag clusters
can be found in Figure 4.2,

T=206K T=448K T=523K T=573K
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Figure 4.2: Linear HAADF intensity profiles of a Ag@Au (upper row) and Au@Ag (lower
row) cluster as a function of the observation temperature. For each temper-
ature a fit of the calculated intensity profile and the measurements is per-

formed. Each measured, temperature-dependent intensity profile is plotted
and compared to the calculated fit obtained from Equation .

Note that this figure already contains a series of comparisons for different tempera-
tures, which is, to the knowledge of the authors, the first detailed documentation of a
diffusion process over temperature in bimetallic nanoparticles with atomic resolution.
It can be seen that the border between the core and shell element flattens out with
increasing temperature. For Ag@Au clusters (upper panel), the initial form has a local
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intensity minimum in the centre of the cluster and a maximum at the radius of the core.
This is due to the projection of a sphere when performing two-dimensional scans, with
the intensity profile being obtained by the integration over elements in z-direction. In
the case of Au@Ag, the intensity profile shows a global maximum in the centre, where
the amount of projected Au atoms is at a maximum, and an inflection point at the core
radius. The shape of the profile for the Ag@QAu cluster changes significantly with tem-
perature, but only slightly for the Au@Ag cluster, which results in larger uncertainties
for the diffusion progress in the latter case. Therefore, only Ag@Au clusters are used to
determine the temperature-dependent diffusion constant D(T") for the Ag@Au system
in the next step.

First, note that the temperature dependence enters Equation only via the diffusion
constant D = f(T'). Neglecting the first term on the right hand side of Equation [4.4]
a mathematical necessity to keep the system size finite over time, it becomes obvious
that the solution of the differential equation can be written as p;(r, D(T) - t), a function
of the radius and the product of the time-dependent diffusion constant and the time.
Therefore, information for D can be derived by solving Equation within a given time
interval k between two TEM-profile measurements: Since the temperature is increased
in discrete steps and kept constant between two measurements, the diffusion constant
of each interval k is determined by the current temperature 7T} and by the change of
the density profiles between the beginning and the end of the interval. The diffusion
constant for interval k is obtained via least-square fits of the time-evolved profiles to
the measured, angular-averaged TEM results. From these point-wise evaluations we
can determine the approximate temperature dependence of D within the experimentally
accessible heating range.

4.3.2 D(T) for Finite Systems

The evaluated dependence of the diffusion constant on the temperature is plotted in
Figure as determined from the HAADF images via the method discussed above. The
uncertainty in these measured points is dominated by fluctuations in image contrast due
to minimal changes in the electron current. Other factors such as the limited resolution
and deviations of the clusters from the assumed spherical shape are comparably small.
An exponential fit of the data (red dashed line) has been added to the graph, inspired
by the temperature dependence which is typically observed for bulk,

D(T) = Dyexp (—a/T), (4.5)

with a literature value of Dy = 7.2-107% m?s for silver in gold®® and « as the only fitting
parameter. This approximation of the diffusion constant, which is, according to Ref. |84
also depending on the actual Ag/Au mixing ratio, is justified by the small size of the
silver core, where a large fraction of Ag atoms is sitting directly at the contact surface
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to the pure Au shell. We obtain a value of a = 7.325-10% K~!. The fitted curve suggests
the occurrence of fully mixed nanoalloys at temperatures of approximately 500 K and
above. We further compare the results of our TEM-based ansatz to a theoretical model
based on the extrapolation from well-known bulk parameters.?

Giving a brief outline of this approach to approximate the size-dependent diffusion
constant D(r), we start from Equationto obtain the temperature- and size-dependent
diffusion constant by writing « as —FE(r)/R, with E(r) as the thermal activation energy
and R as the ideal gas constant. The thermal activation energy can be related to the
melting temperature 7,,(c0) of the bulk via a constant C,

E(00) = CT,(00). (4.6)

Note that the constant C' depends on the material and on the type of diffusion, but

not on the particle size. We further assume that any size dependence of the activation

energy only enters via a dependence of the melting temperature,®

E(r) = CT,(r), (4.7)

with 7 denoting the radius of the spherical cluster. Combining Equations [4.6] and [4.7]
the thermal activation energy E(r) for a finite system can be expressed as

_ Tuln)

E(c). (4.8)

The size-dependent diffusion coefficient can be rewritten as

D(r,T) = Dyexp (%3?) TZ?‘((;))) | (4.9)

Several experimental and theoretical studies have shown that the activation energy de-
creases with decreasing size.®%¥7 In an attempt to obtain a direct functional dependence
of D on the particle size r, we employ Lindemann’s empirical melting criteria to rewrite
the factor T,,(r) /T (c0) in Equation by a geometrically motivated expression. In
this crude approximation, melting is assumed to take place if the average amplitude of
thermal vibrations exceeds a critical value.®® For the given case, the following expression

can be deduced,®”
Ton(r) ox —2S,i(00)
Tu(oo) ~ P <<3R<% = 1>>) ’ (410

with S,;» as the melting entropy of the bulk and ry as a geometry dependent factor
defined as ry = h(3 — d), with d = 0 for spherical clusters and h = 0.2889 nm as the
atomic diameter. Combining Equations [4.5] and the diffusion constant can be

written as
—2SUib<OO)
—(BR(% — 1))]> . (4.11)

—E(c0)

RT €exXp

D(r,T) = Dyexp (
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The size-dependence of all relevant parameters in Equation [f.11] can be extracted from
the literature: The melting entropy S,; of nanoparticles with » = 2nm increases ap-
proximately by 9% in comparison to the bulk,“? for which a reference value of S,;,—
9.157 Jmol ' K1) is used.” The size dependence of Dy, on the other hand, can be fully
neglected.®*” We use a value of Dy = 7.2-107% m?s (Ag in Au).®* The activation energy
of the bulk is assumed to have a value of E(cc) = 169800 J/mol.* The resulting curve is
shown as blue line in Figure [4.3] Note that our ansatz is indeed capable to estimate the
onset temperature for full diffusion as it is observed in the experiment. Furthermore, the
slope of the curve deviates only minimally from the exponential fit (red dashed line) of
the data points. Note that the model is purely based on literature values and physically
motivated extrapolations thereof. The excellent match of experiment and model sup-
ports our claim to have found a useful, novel experimental technique for the exploration
of metal diffusion and mixing at the nanoscale. This is nicely illustrated by a direct com-
parison of the activation energy E(r) for the given particle size r = 1.95 nm derived from
the fit (—8.9573-10* J/mol) to the value obtained from the model (—8.8098-10* J/mol),
which deviates from the former by less than 2 percent.

x10*

® Measurement
—Theoretical Model
8- | ---Exponential Fit

Diffusion constant [nm2/s]

350 460 Temp:réa?ure K 560 550 660

Figure 4.3: Diffusion constant as a function of temperature. Black squares are derived
from HAADF measurements, the red dashed line is a fit based on Equa-
tion [4.5] the blue line is based on a revised model from Ref. [, derived from
bulk values with a mean radius of the cluster of ¥ = 1.95nm and atomic
binding length of h = 0.2889 nm.

4.4 Phase Diagrams at the Nanoscale

In this last section we look at our experimental results in the light of ongoing discus-
sions about the impact of particle size on fundamental qualities of bimetallic phase
diagrams. The correct description and even the definition of phase transitions becomes
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highly problematic at the nanoscale. This is indicated in Figure [4.4] which contains
a direct comparison of selected recent measurements of our group on pure Ag and Au
nanostructures,?” the mixed-metallic AgAu cluster data of the current study, and a ref-
erence phase diagram based on a numerical model describing the impact of the particle
radius on the solidus and liquidus curves of the AgAu phase diagram (see the Supporting
Information for details).?

The graph documents the dependence of the liquid-to-solid transition on the temper-
ature T and the relative content X4, of gold in the binary mixture. The AgAu system
forms a binary solution with unlimited solubility in both phases and shows the typical
lenticular shape for the two-phase region. However, this area of phase coexistence is
barely visible at the chosen temperature scale in the figure, although its average width
increases slightly with decreasing particle radius.

For particles with a radius of 2.5 nm the onset of melting is predicted to occur at
400 K for pure Ag clusters and at 1000 K for pure Au clusters, with a monotonic
increase of the melting temperature with increasing amount of gold. This theoretical
prediction can be related to measured quantities as follows. In the case of the pure
metal structures, the onset temperature of Rayleigh breakup, a well-understood process

of diffusion on a metal surface driven by the minimisation of surface energy,«C64+21

can
be interpreted as a lower limit for the solidus curve since breakup becomes visible before
the total melting of the structures upon heating. These results are plotted as circular
data points at Xx,—0 and Xa,—1.2? In the case of the mixed-metallic particles we
refer to Figure presented above, which clearly shows an ordered structure even for a
temperature of 573 K where complete intermixing is observed. The corresponding data
points are plotted as diamonds in Figure These findings confirm two things: First,
as stated above, alloying at the nanoscale is a temperature-driven diffusion process and
clearly distinguishable from a first-order phase transition such as melting. Second, in
comparison to predictions for the phase diagram in this size regime, our experimental
data suggests a concave form of the solidus-liquidus curve, i.e. an increased temperature-
stability of bimetallic, alloyed particles with melting temperatures which lie above that
of the more stable element.

This unexpected property of the phase diagram at the nanoscale can not be derived
from bulk data via the suggested scaling of model parameters with respect to particle
diameter. We note that the authors of Ref. 2 give a lower limit of 5 nm for the applica-
bility of their numerical model, but it can be extrapolated down to radii of about 2.5 nm
before getting ill defined. In this size regime, a large fraction of atoms is located at the
surface or at interfaces, and it is no longer possible to derive the correct behaviour from
bulk data as the surface diffusion becomes the main driving mechanism for the alloying
process. As a result, the 1/r extension of certain parameters in the numerical model, a
core feature of this ansatz, is no longer justified and needs readjustment.

However, besides showing that current models need to be revised before application
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Figure 4.4: Phase diagram for the AgAu system as a function of the particle radius as
suggested in Ref 2 compared to selected measurements of crucial tempera-
tures in pure and mixed-metallic systems, see text for details.

to the studied size regime, our experimental findings also indicate new opportunities for
the design of temperature-stable structures at the nanoscale.

4.5 Conclusion

In this article we reported on in situ nanoscale diffusion of core@shell gold and silver
clusters under subsequential heating. The nature of the alloying process was studied via
atomic resolution TEM imaging.

Using HAADF images we developed a method for the determination of the diffusion
constant D as a function of temperature. This technique is generally applicable to
any metal combination with sufficiently large differences in the atomic number of the
elements involved, as HAADF contrast is proportional to Z?. The method is based on a
time evolution of the actual particle density according to Einstein’s diffusion equation,
and correlates the density at each step with its corresponding TEM intensity profile
along radial scans of the metal particles.

We observe that the diffusion on this length scale (< 5 nm) is initiated at lower tem-
peratures than in the corresponding bulk material, which is a consequence of dominant
surface size effects in this regime. For both systems (Ag@Au and Au@Ag), alloying
takes place between 500 and 550 K.

The results of our novel TEM-based ansatz for the derivation of D(T') are compared
to a theoretical model based on extrapolation of bulk parameters. We find an excellent
agreement between theory and experiment in terms of absolute values as well as overall
functional dependence on 7', which renders our experimental technique a useful tool for
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future studies of metal diffusion and alloying processes at the nanoscale. We note that
the nanoparticles remain solid upon complete mixing. This shows that alloying at this
size regime is a temperature-driven diffusion process and clearly distinguishable from a
first-order phase transition.

A final comparison of experimental data to theoretical phase diagrams for the AgAu
system at the nanoscale suggests a revision of current models. The experiment indicates a
concave form of the solidus-liquidus curve, or, in other words, an increased temperature-
stability of bimetallic, alloyed particles with melting temperatures above those of the
pure elements at the given cluster size. This novel, unexpected feature can not be derived
from known models based on a size-dependent rescaling of bulk parameters.
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5 On the Passivation of Iron Particles at the Nanoscale

On the passivation of iron particles at the nanoscale" by Maximilian Lasserus, Daniel
Knez, Martin Schnedlitz, Andreas W Hauser, Ferdinand Hofer, Wolfgang E Ernst in
Nanoscale Advances 1, 22276-2283 (2019)

Abstract

The oxidation of Fe@Au core@shell clusters with sizes below 5 nm is studied via high
resolution scanning transmission electron microscopy. The bimetallic nanoparticles are
grown in superfluid helium droplets under fully inert conditions, avoiding any effect
of solvents or template structures, and deposited on amorphous carbon. Oxidation
resistivity is tested by exposure to oxygen at ambient conditions. The passivating effect
of Au-shells is studied in detail and a critical Au shell thickness is determined which
keeps the Fe core completely unharmed. Additionally, we present the first synthesis of
Fe@Au@QFe-oxide onion-type structures.

5.1 Introduction

Core@shell nanoparticles represent a class of materials with unique physical properties
and various fine-tuning possibilities via an adjustment with respect to size, morphology
and composition. Due to this extreme flexibility, a wide range of potential applications
has been suggested for these materials.“%##%394 Iy medical sciences, nanostructures with
magnetic properties have become particularly interesting for potential application in
diagnosis, drug delivery, cell separation, thrombolysis and cancer treatment.?>1% Pre-
ferred are particles below 20 nm diameter due to enhanced tissular diffusion in this size
regime .01

[ron-based nanostructures have been studied thoroughly for applications as magnetic
agents. 213 Qiang et al. could prove that iron clusters with a non-oxidized Fe core, pas-
sivated by a shell of iron oxide, have a much higher magnetic moment than fully oxidized

104

clusters."* The latter type could be synthesized by exposure to oxygen during particle

synthesis. Fe clusters which are exposed to oxygen after synthesis show characteristic

Ul g result of Kirkendall dynamics, an effect observed for several metals:'

cavities,*
Metal atoms inside the cluster are dragged towards the surface where oxidation takes
place.

In this context, a passivation with a layer of gold seems reasonable in order to retain
a highly magnetic core. Besides, the combination of a magnetic material and a heavy
element providing a high X-ray contrast offers the opportunity to design dual agents suit-
able for both X-ray and MRI diagnostics. Among other passivation choices, Au stands

107 1081109

out because of its high bio-compatibility™", optical properties , inertness and the

ability to adsorb molecules to its surface.™*? Additionally, Au nanoparticles have been
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suggested as dual agents suitable for X-ray and optical detection,™*!' due to their plas-
monic properties.* 23 With regards to medical applicability, combinations of Fe and Au

hold a high potential for future use,*4

and several attempts have been made to synthe-
size various combinations of Fe and Au structures, including dumbbells*?, core@shell*10
and yolk-shell clusters.™ For the purpose of passivation, core@shell structures are obvi-
ously most feasible. Recently, we could show that inter-metallic diffusion in core@shell
nanoparticles is not only dependent on the temperature but also on the surrounding
gas: the mere presence of molecular oxygen can enhance the mobility of the reactive
core metal 18

In this article, we extend our investigation towards the passivation of the oxygen-
sensitive Fe core by an additional coating with several layers of Au atoms. Helium-
droplet based synthesis is particularly convenient for unbiased studies of reactivities as
it provides a solvent-free and fully inert particle growth.Its underlying principle is the
controlled pickup of metal atoms from vapor via a beam of superfluid helium droplets.
The latter have been extensively utilized in the past as superfluid, inert and extremely
cold environments for the spectroscopy of atoms, molecules and small clusters.?270419
In our current setup, we perform a sequential doping with Fe followed by Au in order
to synthesize mixed-metallic Fe@Au core-shell nanoparticles at fully inert conditions
inside the helium droplets, fully protected from any gas phase reactions and without
templates or solvents affecting their growth. The synthesis is followed by a deposition

under soft landing conditions®

62120

onto amorphous carbon TEM grids, allowing us a con-
trolled creation and deposition of Fe@QAu clusters with a mean diameter of <5nm.
The clusters are first exposed to air for 120 minutes and then examined with high reso-
lution Scanning Transmission Electron Microscopy (STEM)to evaluate their resistivity
to oxidation. Since oxidation effects for nanoparticles below 10 nm at ambient condi-

tions take place at timescales of a few minutes,*?!

exposition times in the hour range are
expected to enforce a full oxidation of any unprotected reactive metal. We determine a
critical minimum thickness of the gold shell necessary to protect the iron core and give

an explanation of our findings based on density functional theory.

5.2 Experimental Setup

For a comprehensive overview of the experimental setup we refer to Ref. [60. He gas
with a purity of 99.9999 % and a pressure of 20 bar is expanded through a 5 pum nozzle
which is cooled to cryogenic temperatures, resulting in the formation of a beam of
helium nanodroplets. For the chosen nozzle temperature of 8 K the droplets have a
mean diameter of ~50nm.”” After expansion and further collimation with a 400 ym
skimmer the resulting He droplet beam enters the pickup chamber (=~ 10~" mbar). Here,
the helium droplets collect Fe and Au atoms sequentially while crossing two separate
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resistively-heated pickup cells. The probability for a particle pickup in each of these cells
is controlled by the cell temperature, which allows us to adjust the total amount of atoms
collected by the helium droplet beam as well as their mixing ratio. Atoms captured by
the helium droplet beam start to agglomerate to clusters within the droplet during the
flight through the vacuum chambers. The release of binding and kinetic energy of the
captured atoms leads to the evaporation of helium. This attenuation of the beam is
monitored by a residual gas analyzer ( Balzer QMA 200/QME 200). At the end of the
pickup chamber, the beam of helium droplets is again collimated by a 2mm aperture
before entering the measurement chamber with a base pressure of ~ 5- 10~ mbar. In
this chamber, the helium droplet beam hits the TEM grid in a soft-landing process
damped by the evaporation of He during impact.®**™ Additional information on the
surface coverage is obtained by mass deposition measurements with a microbalance.

5.2.1 Nanoparticle Synthesis

The ultracold He environment allows for a controlled synthesis of core@shell structures
via sequential doping.?*? Depending on the original He droplet size before the pickup of
metal atoms and the vapour pressure in the pickup cells, it is possible to create either
spherical or elongated nanostructures. In the current manuscript, the parameters of 8 K
nozzle temperature and 20 bar pressure are used, which corresponds to an average size
of N ~ 107 helium atoms per helium droplet.?® For this choice of He containers, metal
clusters of approximately spherical shape are produced with diameters in the nanometer
range.® The core@shell structure arises from the sequential doping of the droplet and
the coagulation of the first element before enclosure by the second element. The size of
the clusters follows a log-normal distribution.”™ We choose three different doping ratios of
25 at.%, 50 at.% and 70 at.% core (Fe), corresponding to 75 at.%, 50 at.% and 30 at.%
of shell material (Au). On average, clusters with diameter of 3.5 nm are produced,
consisting of approximately 2500 atoms per cluster. Further information on the average
thickness of the Au layer for the various doping ratios can be found in the Supporting
Information, which also gives an overview of the overall distribution of particles sizes
obtained in the experiment.

After deposition on an amorphous carbon TEM grid (Ted Pella 01824G), the particles
remained under UHV conditions for 48 h before being removed from the chamber and left
under ambient conditions for 120 minutes in order to examine the process of oxidation.

5.2.2 Data Acquisition

The particles are studied via a scanning transmission electron microscope (STEM,
FEI Titan® G2 60-300, operating at 300 kV) using a high-angular annular dark-field
(HAADF) imaging detector (Fischione Model 3000). A Gatan quantum energy filter
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attached to the microscope is employed for electron energy loss spectroscopy (EELS).
Complementary, a four-quadrant energy-dispersive X-ray spectroscopy (EDX) detector
(FEI Super-X) is used. Note that the intensity of the elements in the HAADF images

is proportional to approximately Z* (with Z denoting the atomic number), leading to
82

highest intensities for the Au atoms.

Figure 5.1: STEM HAADF images of various types of core@shell clusters. From left
to right: a.)Fe@Au core@shell (fully passivated), b.) Fe@AuQFe-oxide
core@shell@shell , c.)Fe@Au with an incomplete additional shell of iron ox-
ide, d.) Au cluster adjacent to a FesO4 cluster. The first three configura-
tions are all related to a FeQAu core@shell structure, see text for details.
The Janus-type structure in the fourth picture is an example of incomplete
coating due to a lack of Au atoms. A full passivation of the Fe-core via a
Au-shell is only seen in a.).

5.3 Results

Following the synthesis described above, a variety of more or less oxidized FeAu cluster
structures is obtained after exposure to air. Four different species are depicted in Fig-
ure [7.2] Their chemical structure can be clearly identified based on the contrast in the
HAADF images, which is lower for metal oxides than for pure metals: Picture (a) shows
a pristine Fe@Au cluster, while image (b) depicts a partially oxidized particle which
is best described as an onion-like structure denoted as Fe@QAu@Fe-oxide. It contains
a small intact iron core, covered by a first shell with enhanced contrast, identified as
Au, and a second shell of lowest contrast, corresponding to iron oxide. It can be safely
assumed that the Fe must stem from the core due to the order of element pickup in
the process of cluster synthesis described above. Therefore, the onion structure is a
clear indication of a partial leaking of iron from the core towards the surface, despite
the Au coating, which renders the encapsulation as either ineffective or incomplete in
these cases. For some clusters, also the oxide shells themselves appear as not completely
closed, as can be seen in picture (c) of Figure . Other particles, e.g. the cluster in

44



5 On the Passivation of Iron Particles at the Nanoscale

picture (d), are fully oxidized and do not show a layered structure anymore. Instead,
they resemble a Janus-type configuration, a structural feature which has attracted much
interest in the last decade due to its potential for applications as catalysts or biosen-
sors. 12312 Their occurrence is explained by the log-norm distribution of cluster sizes,
which allows for situations where the amount of Au collected in the pickup process is
insufficient to cover the Fe core entirely. A larger percentage of Janus particles can be
enforced by a higher ratio of Fe to Au during pickup.

An interesting finding concerns the oxidation process itself and its consequence for the
nanoparticle structure. Typically, when the Fe atoms diffuse to the surface, vacancies are
accumulating inside the bare Fe clusters which leads to hollow structures eventually.’%!
However, no evidence of such cavities is found in our TEM studies. We therefore assume
that the whole Fe@Au cluster undergoes restructuring during the oxidation process.
Metallic nanoparticles tend to establish a spherical shape via self-diffusion along the
particle surface in order to reduce the surface energy,®® but it is up to now uncertain
why a relaxation seems to take place in the FeAu system, whereas it does not occur
in pure Fe clusters where oxidation is typically described by the Kirkendall effect.1%
Since the oxide layer itself acts as a barrier for further oxidation the growth process is
self-limiting. The minimum thickness for a sufficient passivation of the iron core has
been measured to be 3-5 nm of iron oxide.*’*

However, most relevant in this context is the ability to prevent any oxidation at all
and keep the Fe core fully intact. Apparently, the amount of Au coating has a hindering
effect on the oxidation process, but the effectiveness of this additional diffusion barrier
depends on the thickness of the layer. Note that incomplete oxidation of Au-coated Fe
leads to onion structures of the type Fe@Au@Fe,O,. This suggests that it is not the
diffusion of molecular oxygen through the Au layer, but the diffusion of Fe through the
Au layer which enables oxidation. We therefore perform a statistical analysis of the
distributions of bimetallic particles with oxidized and intact Fe cores as a function of
the Au layer thickness. 52 clusters are classified as either oxidized or not by structural
inspection and the thickness of their corresponding Au shell which is measured at its
thinnest position visible in the TEM projection.

We note that it is likely to miss positions of minimum thickness due to the two-
dimensionality which is intrinsic to a measurement in projection. Even a particle ap-
pearing as coated might have flaws which are not visible in the image. It is not possible
to determine the shell thickness at the top or the bottom of a given cluster, resulting in
a possible overestimation of the critical thickness. Nevertheless, every particle can be
clearly characterized as having n layers of Au or less somewhere on its surface. As can
be seen in Figure [5.2] there is practically not a single not-oxidized particle to be found
in cases with a minimum thickness of approximately 8 A or below. From this finding
we conclude that a thickness of three layers represents the minimum for an effective
passivation of the Fe core.*2” As an example, a cluster with a minimum thickness of
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three Au layers in projection is shown in Figure featuring a fully intact iron core.

not oxidized
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Figure 5.2: Classification results of nanoparticles as oxidized or not, plotted as a function
of approximative minimum Au layer thickness.

Additional proof of the multi-layered structure is provided by a series of EELS and
EDX measurements. For the sake of a direct comparison, the same type of particle
as shown in the HAADF picture c.) of Figure is chosen. Results are presented in
Figure 5.4l Note the reduced EELS intensity for O around the center of the particle,
which clearly suggests an iron oxide distribution in the form of a spherical shell. This
supports the assumption of a non-oxidized Fe core; otherwise, the oxygen signal would
show a local maximum also somewhere near the center of the particle. The barely
noticeable ‘halo’ in the HAADF image can be identified as a mixture of Fe and O, which
also confirms the assumption of an iron oxide shell (see Figures to d).

Figure 5.3: HAADF image of an Fe@Au cluster without signs of oxidation. The lattice
structure of the Au-coating is clearly visible; in the lower left corner its
thickness is approximately three atomic layers (marked by red arrows).
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a)

Spectrum Image

Figure 5.4: Spatially resolved EELS and EDX measurements of a three-layered system
in the form of a core@shell@shell cluster. a) Overview picture, showing some
clusters after deposition, indicating the region of the elemental analysis. b)
EDX signal attributed to Au, ¢) EELS map for O, and d) the EELS map for
Fe.
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Figure 5.5: EELS spectra of the iron oxide shell of a Fe@Au@Fe,O, cluster after back-
ground subtraction, compared to reference EELS spectra® obtained for two
different types of iron oxide. The O-K edge and the Fe-Lj 3 edge are pre-
sented. Coinciding details of the Fe-Lo 3 edge curvatures indicates that the
main part of the oxide-shell is Fe3Oy.

5.3.1 Chemical Analysis of the Oxide

We further attempt to identify the type of iron oxide present in the outmost layer after
oxidation by EELS spectra analysis based on the O-K and Fe-Ly 3 binding edges. Our
spectra are presented in Figure together with two reference spectra obtained for two
different types of iron oxide.** By direct comparison of the curvature, the measured
spectra (blue) shows more similarity to Fe3O4 than Fe,Os. Slight deviations of the O-k
edge spectra are due to the lower resolution in our measurements, which is a consequence
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of the low count number. Therefore, the actual characterisation of the iron oxide is rather
based on the Fe-1.2,3 edge (right spectra in Figure , which allows an estimation of
the oxide present. The EELS signal clearly indicates a distinct ratio of Fe3O4 within the
oxide, but due to the possibility of signal overlapping, also a mixture of both oxides can
not be excluded.

We note that Wang et.al. observed a similar EELS signal’®® for the O-K edge of
iron oxide clusters as measured in our experiment and assigned it to Fe3O,4, confirming
the findings of Ref. [127. Studying the oxidation of small iron clusters, Peng et.al. also
found FesO,4 as the prevailing product.®®® Signorini et.al. show that the composition
rate of Fe,O3 and FesO4 depends on the size and structure of the original Fe cluster
before oxidation.?? Ref. [121] reports on a preeminence of Fe,O3, but notes a strong
dependence on the oxidation conditions. Therefore, the choice of synthesis as well as
oxidation method clearly affect the final outcome. Note that the structures presented
here and in Ref. [126] are studied via particle deposition, whereas Ref. 121l employs a
standard synthesis method in solution. Regarding a possible impact of the TEM electron
beam on the oxidation process, we consider the amount of deposited energy as too small
to cause such large changes in the structure. The total dosage was kept at a minimum
to avoid structural effects due to electron impact. 139134

We further did not observe any effects of melting upon electron beam exposure. All
images provided in the manuscript show a fully intact lattice structure, from which
we conclude the presence of a solid phase. Additionally, our group published several in-
situ temperature transmission electron microscopy studies on comparable systems, 18122
where lattice structures remained clearly visible even at temperatures up to 400 °C.

5.3.2 Theoretical Results

In a first attempt to study the passivating effect of Au on the Fe core via a computational
approach we investigate the energy costs for the swapping of a single Fe atom with a Au
atom near the interface of gold-coated bulk iron in the presence of molecular oxygen ad-
sorbed to the bulk surface. This is done via periodic DFT calculations on a surface slab
consisting of three atomic layers of iron and n = 1,2, 3 layers of gold, treated with the
PBE functional*® in combination with projected-augmented-wave (PAW) pseudopoten-

tials 133134

as implemented in the Quantum Espresso suite of programs.'#® We note that
a similar approach had been undertaken by us in a previous study on the stability of
NiAu clusters in the presence of oxygen,™® where we used at finite, icosahedral system
consisting of a single Ni atom and 54 Au atoms to model smallest bimetallic clusters.
In the current work, we aim for a more general discussion of the diffusion process with
a better representation of the typical metallic interface of larger clusters. The supercell
contains 9 metal atoms per layer. The box dimension in z and y is 8.598 A, according

to the experimental lattice constant of bee iron. For the z or (001) direction, a length of
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20 A has been chosen to fully decouple the surface images, leaving approximately 10 A
of vacuum above after O, adsorption on the surface. The gold layers can be interpreted
as approximately fcc-structured, with the (001) Au plane interfacing the (001) plane
of Fe at an angle of 45°. Energy cutoffs (130 Ryd for the energy, 1300 Ryd for the
density) and z-distances have been 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.
Energies are obtained via BFGS optimizations of the slab geometry after each inter-
atomic swap. The lowest Fe layer is kept frozen to account for the bulk Fe structure.
Converged slab structures consisting of 3 layers of Fe, three layers of Au and a single
oxygen molecule attached to the surface are shown in Figure 5.6, The left image shows
the original structure, the right one the relaxed structure after a swapping of an Fe atom
with an Au atom of lowest gold layer.

Figure 5.6: Slab models of Fe@Au core@shell clusters, comprising three layers of bee Fe
and three layers of fcc Au, with a single oxygen molecule adsorbed to the Au
surface. a) pristine structure, b) structure after swapping of a single Fe and
a Au atom at the interface.

a) One layer of Au b) Two layers of Au c) Three layers of Au
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Figure 5.7: Comparison of energy costs for the swapping of a single Fe atom taken at
the interface with Au atoms taken from various Au layers, calculated for
gold coatings comprising a) one, b) two or ¢) three Au layers, in units of
eV. Values obtained without oxygen are printed in black, values obtained
for geometries with a single oxygen molecule attached to the corresponding
surface Au layer are printed in gray. For convenience, energy differences due
to oxygen presence are printed below each arrow.
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The energy differences obtained for the intermediate steps of Fe migration through
the Au layers by interatomic swapping are presented in Figure In the following, we
refer to the Au layer closest to the metallic interface as the first layer. The Fe atom
involved in the commutation is always taken from the Fe layer closest to the interface.
Energies are also compared between scenarios without (values printed in black) and with
an O, molecule physisorbed onto the gold surface (values printed in gray).

From the sequence of black values in each scenario it is clearly visible that a swapping
is less feasible the further it takes place from the Fe-Au interface. Energy costs increase
from 1.26 eV in the first to 2.71 eV in the third layer. However, swapping energies
for a certain layer are practically independent of the total number of surface Au layers
present in the model. For example, the energy costs for a swap in the first layer are
only varying between 1.10 and 1.30 eV in all three models; a variation which we consider
insignificant given the estimated accuracy of the functional used. The gray values printed
in Figure reveal the impact of the oxygen molecule adsorbed to the upmost Au layer.
In this case, a significant reduction of the Au/Fe swapping energy can be observed in all
three models. This effect gets more pronounced with increasing layer index, producing
energy differences of 0.88, 1.62 and 1.81 eV for the three models, respectively. It is
also visible that a subsurface layer, if existent, is barely affected by the presence of Os:
Energies for a swapping in the first Au layer for the 2-layered system and in the second
Au layer for the 3-layered system are only minimally affected. This finding is crucial
for the overall interpretation of our experimental results: Since swapping in the second
Au layer is less feasible by more than 1 eV, this suggests that an intact subsurface layer
of Au, i.e. a layer neither at the particle surface nor at the metal interface, is acting
as the most effective barrier for Fe diffusion in the models under investigation. It can
be realized only if at least three layers of Au are present, which agrees well with the
experimental outcome.

We note that this simple, first approach towards the diffusion behavior between the
metallic interface and the particle surface is only providing a qualitative interpretation
for a series of reasons. First, it assumes a direct swapping of Au and Fe atoms at main
lattice sites, which is energetically less feasible than e.g. diffusion along lattice defects.
Second, it is restricted to this one type of diffusion, while several mechanisms and many
alternative pathways though the lattice are possible. Third, and most importantly, our
argument is built on intermediate state energies, while diffusion rates can only be related
to transition states between these local minima. However, the aim of this theoretical
investigation is to judge the impact of the Oy molecule on diffusion in general, and it
can be expected that the presence of a subsurface layer of gold is critical as it represents
a significantly high barrier for any type of Fe diffusion. Even if the actual mechanism
of diffusion, most likely a complex interplay of lattice defects and possible diffusion
pathways, is not yet revealed, it must involve intermediates as covered by this DFT
study, and the trend of transition state energies must follow the trend of the calculated
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intermediate energies.

5.4 Conclusion

Fe@QAu core@shell structures, synthesized via a sequential pickup of metal atoms by
liquid helium nanodroplets, are deposited on TEM grids for HAADF imaging. After
exposure to ambient air for 120 minutes, structural changes of the nanoparticles due to
oxidation are studied. Various types of nanostructures are observed, including unaffected
core-shell nanoparticles as well as clusters showing a partial or full oxidation of the Fe
core, ranging from three-layered onion structures to Janus-particles. To the knowledge of
the authors, this is the first time that Fe@Au@Fe-oxide clusters have been synthesized.
Spatially resolved EDX and EELS measurements have been performed to confirm their
chemical composition. A statistical analysis of the observed structures shows that a
critical Au shell thickness of three atomic layers of Au seems a necessary condition for
effective passivation of the sensitive Fe core. Density functional theory calculations on
model systems comprising one, two or three protective Au layers on top of three layers
of Fe indicate that an undisturbed monolayer of Au represents the largest barrier for Fe
diffusion through the Au coating, while diffusion through the interface layer (directly
above the Fe layer) or the surface layer (in the presence of molecular oxygen) is much
less hindered. This explains the necessity for at least three Au layers, as it is observed
in the experiment.
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6 Vanadium (V) Oxide Clusters Synthesized by Sublimation from Bulk under fully
Inert Conditions

Reprinted with permission from "Vanadium (V) oxide clusters synthesized by sublima-
tion from bulk under fully inert conditions" by Maximilian Lasserus, Martin Schnedlitz,
Roman Messner, Florian Lackner, Wolfgang Ernst, Andreas Hauser, (2019). Chemical
science, 10(12), 3473-3480. Copyright 2019,

Abstract

Oxide nanoparticles in a size range of a few nanometers are typically synthesized in
solution or via laser ablation techniques, which opens numerous channels for struc-
tural change via chemical reactions or fragmentation processes. In this work, neutral
vanadium oxide nanoparticles are instead synthesized by sublimation from bulk in com-
bination with a follow-up 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 to tetrahedral co-
ordination of the vanadium centers in finite geometries. This unexpected finding opens
new possibilities for 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 strong fragmentation occurred, we observe
a clear preference of (V505),, oligomers with even n inside the He nanodroplets, which
is further investigated and explained by electronic structure theory.

6.1 Introduction

Vanadium oxides, a prominent class of the early 3d transition metal compounds, have
been objects of great interest in the last decades due to their very broad range of oxida-
tion states. This feature, together with the comparably high abundance of vanadium,
makes this group of oxides highly valuable for catalysis applications such as NO, reduc-

130138 and suggests new possibilities

136139

tion by NH;3"3% or the oxidation of hydrocarbons,
for the design of optical switching devices, waveguides, and cathodes for Li-ion
battery cells. 4V

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 14842 this particularly broad field of research has been extended by yet another
facet: At 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 materials. From the perspective of future applications, the fabrication of vana-
dium oxides in a nanostructured form is a highly attractive objective. Crucial for the
development of such nanomaterials at an industrial level is a better understanding of
the underlying formation processes, which has triggered several review articles on the
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subject, focusing on techniques such as physical vapor deposition®4® or the hydrothermal
treatment of aqueous solutions.** In general, oxide nanoparticles are typically synthe-
sized in solution, e.g. via sol-gel techniques, microemulsions, micelle / reverse micelle
methods or precipitation.?#>193 For the production of smallest clusters, laser vaporiza-
tion is often the method of choice.’® In order to allow studies in the condensed phase,
the latter may be combined with a flow reactor setup.*>®

A problem common to all these approaches is the strong impact of the chosen tech-
nique on the structural outcome in the nanometer range. In the case of synthesis in
solution, the nanoparticles are typically coated by ligands, which affects not only 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 vapor-
ization, 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 possi-
ble oxidation states, this implies the simultaneous synthesis of a large variety of stable
neutral and charged clusters with various stoichiometries.*201%7 Currently, large efforts
are undertaken to understand how certain gas phase stoichiometries translate into the
desired ratios in the liquid for follow-up coating processes.2
An alternative synthesis is presented in this article. It can be considered as an offspring

20009 where helium nanodroplets (Hey)

of helium nanodroplet isolation spectroscopy,
have been extensively utilized as superfluid, inert containers for the spectroscopy of
atoms, molecules and small clusters. Typically, this is achieved via a pickup of the
target molecules by a beam of helium droplets, created in the process of a supersonic
expansion of helium through a cooled nozzle. Due to the extremely low helium cluster
temperature of 0.37 K 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 or
mass spectrometry. Alternatively, the structures can also be deposited on substrates for

2BLSH0S electron energy loss spectroscopy,¢?

171

follow-up studies via electron microscopy,

L0 or surface diffraction methods.

energy-dispersive X-ray spectroscopy

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 vana-
dium(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 ionization 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 (V505), for n up to 25 is confirmed via time-of-flight
(TOF) mass spectra, which is a particularly important result for ongoing research on

the synthesis of mixed-metallic core-shell nanoparticles with the same technique, 118122
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Figure 6.1: Mass spectra of vanadium oxide sublimating from V505 powder, ionized at
various conditions: a) effusive source, direct ionization via electron impact
with 20 eV, b) effusive source, direct ionization via electron impact with
89eV, 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
(V20Os3), series, while the helium-droplet-mediated ionization (c) appears to
be the least invasive method of detection. The latter also shows a regular
sequence with a spacing of 4 amu in the left half of the spectrum due to the
Hepy cluster fragmentation, and adsorption peaks of HyO are visible after
each peak of the (V,05), series. Note the lack of a pronounced peak at the
mass of V505 in all spectra. A full description of the spectra with labels for
all peaks can be found in Figure S3 of the ESI.
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Figure 6.2: Mass spectra measured at a stagnation pressure of 20 bar and a nozzle tem-
perature of 9.2 K. Peaks assigned to (V305), oligomers are marked by red
diamonds. Additional peaks appear due to adsorption of water molecules.
An oscillation between even and odd n is visible.

as it opens the possibility of an additional coating with metal-oxide catalysts in future
experiments.

-4

Size of oligomer n

Figure 6.3: Electronic energy of the neutral (V20O3),, clusters per building unit, plotted
as a function of the oligomer size n.

6.2 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 Figure[6.1] The first graph,
Figure [6.1h, is obtained after direct ionization of an effusive vanadium oxide beam by

o6



6 Vanadium (V) Oxide Clusters Synthesized by Sublimation from Bulk under fully
Inert Conditions

electron impact at 20eV. Two groups of peaks appear, which can be assigned to the
structures (V20Os)2, (V205)s, and to fragments of both, with one or two oxygen atoms
removed. In Figure [6.Ip, the same effusive beam is ionized by electron impact with an
energy of 89 eV, an energy commonly applied in commercial mass spectrometer. 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 V505 unit, in this case (V505)4. From now on, we will
refer to the clusters built from this unit as (V,0s5), 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, renders direct ionization at larger energies as a highly invasive method
of detection, altering the actual distribution of cluster sizes significantly. However, the
spectra obtained by indirect ionization within the helium droplets, as illustrated in
Figure [6.1c, suggests an even less destructive effect despite using the same electron
impact voltage of 89€V, 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-

dBELELTS and beneficial side-effect of He-droplet immersion is still not fully

documente
understood. For a tentative explanation, we refer to a recent review article®! on the
matter, stating that chances for a He-immersed molecule to survive ionization without
fragmentation is increasing with droplet size, most likely due to a more efficient, rapid
cooling of the vibrationally hot molecular ions.

Note the lack of a clearly distinguishable V505 signal in all spectra of Figure [6.1]
This interesting detail will become highly relevant for the interpretation of the extended
mass spectra presented in Figure which continues the He-droplet-mediated spectra
towards higher masses up to 5000 amu. On the left side of the spectrum in Figure[6.2) the
helium droplet distribution is visible again, with peaks separated by exactly 4 amu (see
Figure S1 of the ESI for details), but in the relevant region above 330 amu the clearly
distinct series of (V203),, oligomer peaks is dominating 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 adsorbants, a typ-

™ During heating, also the desorption of

175

ical contaminant in He droplet experiments.
molecular oxygen from bulk V5,05 can be observed,* giving rise to a higher background
pressure of Oy (peak at 32amu), and, as a direct consequence, the occurrence of molec-
ular oxygen as a second yet barely noticeable contaminant of the V,O5 oligomeres (see
Figure S1 of the ESI).

Two very interesting features become evident on the larger scale: First, the smallest
oligomer is the (V205)q 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
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observation is in good agreement with previous studies on the evaporation of V505 .17
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 as-
sume 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 by density func-
tional theory (DFT) calculations on the free (V,0Oj5)2 oligomers in gas phase. Previous

L LSS o positively charged fragments,t07181

studies on neutral clusters,*™ negatively
coordinated clusters or clusters in solution,*? indicate a larger number of more or less
stable stoichiometries, mostly with slight deviations 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 measurements.*2 In this context, also peroxo and superoxo species 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 oxide nanos-
tructures with exact bulk stoichiometry, as one would expect to find them in a chemically
unperturbed phase transition from solid to gas phase under fully inert conditions as they
are provided in helium droplet experiments. Closest to our current interest is a theoret-
ical study of Vyboishchikov and Sauer,™™ which compares the bulk structure and the
neutral (V20Os),, 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 corresponding energies for oligomers with n = 1 to 6 are
presented in Figure [6.3], where we have divided the total electronic energy obtained for
each oligomer by its corresponding number of building units. Structural comparison
identifies ring closure of (V505), chains as the underlying formation principle. The
neutral structures are very similar to those reported earlier except for (V2Os)s, where
a ring-like structure, originally termed as ‘4-square Dyy’, is also slightly preferred over
the tetragonal, Jahn-Teller-distorted Dogq arrangement named ‘4-Tetra’ 0480 However,
the curve in Figure [6.3] binding energy per unit as a function of n, is monotonically
decreasing, which refutes the assumption of magic numbers in neutral cluster formation.
This test has been repeated for the cations with a similar outcome (see Figure S4 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. Vana-
dium(V) oxide crystalizes in an orthorhombic layer-type structure (Pmmm). In a first
attempt to study the solid to gas phase transition we perform now periodic DFT calcu-

lations on a pristine single layer of bulk vanadium(V) oxide with the PBE functional.
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Next, we perform a stepwise removal of VoOj5 building units and repeat the optimization
of the layer in order to obtain reconstruction energies after sublimation. Together with
energy calculations for the fully relaxed free gas oligomers within the same computa-
tional approach we can estimate the electronic energies for the sublimation of n units
via

E(”) = (Esurffn-u + Zuster) - ESM“f? (61)
with Fg.r and Egur_n.u as the total electronic energy of the surface before and after the

removal of n units, and E7 denoting the electronic energy of a free gas cluster built

cluster
from n units. Structures of the pristine as well as the distorted layers are depicted in
Figure [6.4l Our choice of which V505 unit to remove follows minimum energy criteria.
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 1072 mbar, and add them to the electronic energies obtained in the
periodic calculations. Entropy values have been corrected according to Ref. for
improved estimates of contributions from low-lying vibrational frequencies.

ety R
fht 53»&3"&

Figure 6.4: Single layer of bulk vanadium(V) oxide in two views (a), after removal of one

(b) or two (¢) V205 units.

The resulting Gibbs energy differences are plotted in Figure [6.5 together with the
electronic energy differences at 0 K, and scaled to energies per detached V505 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 (V20O5)o
dimer in the spectrum. Obviously, forming dimers upon sublimation is a compromise
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between minimizing the reconfiguration costs of the detachment and maximizing the
entropy by releasing as 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 coagulation processes inside the

186" after a series of pickup events of mostly (V,O5)y dimers. Further

helium droplets
evidence for the growth of larger oligomers from these dimers via coagulation is given
in the SI, where mass spectra obtained at different nozzle temperatures are compared
to each other. With decreasing nozzle temperature the He droplets increase in size and
collect larger amounts of (V2Oj5)s 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.

6.3 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
droplets. Ionization, a necessary step for follow-up mass spectroscopy, is proven to be
less destructive to the sublimated particles if the latter are immersed in He nanodroplets.
Although the charge hopping process during ionization inside the droplets should deliver
about the same excess energy as direct 20eV electron bombardment, fragmentation
seems to play a much smaller role. In agreement with other groups, we attribute this
observation to the high cooling rate of the surrounding helium. The smallest building
unit for the vanadium oxide oligomers observed in the mass spectra is (V50s5)o, which is
also the most abundant species in the helium droplet beam by far. We further observe
a clear preference for (V5,05), oligomers with even n inside the He nanodroplets. This
is explained by a computational study on a single layer of bulk vanadium(V) oxide,
which suggests a preferred sublimation of (V,05)y dimers. The latter serve as building
blocks for the coagulation of larger structures inside the droplets. Experimentally, these
novel findings indicate the dawn 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.
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Figure 6.5: Sublimation energy per V505 unit, calculated at zero K and at experimental
conditions. Sublimation starts around 1000 K, but is still not feasible for
single units at this temperature. (V505)s detachment becomes preferred at
higher temperatures, which explains the much higher abundance of (V,05),,
clusters with even n in Figure

6.4 Methods

Experimental Setup

Highly purified He gas (99.9999 %, 20 bar) is expanded through a 5 gm nozzle into high
vacuum with a base pressure of ~ 10~°mbar. The nozzle temperature is set around
9.2K in order to produce helium droplets consisting of about 106 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
pickup. Details on the He droplet size distribution are given in Figure S2 of the ESI. A
schematic of the whole apparatus is presented in Figure 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).

TOF  Main Chamber

Source Chamber Pickup Chamber DPS

Tenw =35..20K Evaporation Cell Quadrupole MS

2() bar

& {107° mbar {#—
o L.
10- mg—ljm m?j % mbar
100 I/'s

12000 I/s 1000 I/s 1500 I/s

Micro Balance

Figure 6.6: Schematic of the experimental setup used for the synthesis of (V,05),, clus-
ters inside liquid He droplets; see text for details.

By resistive heating of V,05 oxide powder with a purity of 99.9%, kept in a small
quartz crucible (Kurt Lesker EVC2Q), to temperatures between 1000 to 1200 K, a vapour
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pressure of ~ 10 3mbar is achieved.!®® The latter determines, together with the He
droplet size and the length of the cell, the probability for 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 an 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 2mm skimmer before entering the measurement chamber at a
base pressure of approximately 1071 mbar. The beam crosses the ionization region of a
time-of-flight mass spectrometer (Stefan Kaesdorf RFT 50) designed for measurements
of heavy compounds. ionization is achieved via electron impact, using electron energies
of 89eV, an average electron emission current of ~10 uA and a repetition rate of 10 kHz.
However, note that the short mean free path of electrons in liquid helium prevents
a direct ionization of impurities inside of helium droplets consisting of about 10° He
atoms or larger.*®¥ 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
He beam we close 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 micro balance, 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. [72L

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 method of Grimme," with the application of wB97X-V 1*¥ a range-separated
hybrid GGA density functional with VV10 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. 194

The vanadium(V) oxide surface is described via periodic DFT calculations, where
the PBE functional’#? is used in combination with projected-augmented-wave (PAW)

L3334 a5 implemented in the Quantum Espresso suite of programs.t

pseudopotentials
A supercell containing 12 V505 building units has been chosen, with an initial geometry
taken from Ref. [196. The geometry is allowed to fully relax, and the box dimensions in
z 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 has been 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 have been tested in order to
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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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Reprinted with permission from "Synthesis of nanosized vanadium (V) oxide clusters be-
low 10 nm" by Maximilian Lasserus, Daniel Knez, Florian Lackner, Martin Schnedlitz,
Roman Messner, Daniel Schennach, Gerald Kothleitner, Ferdinand Hofer, Andreas Wolf-
gang Hauser, Wolfgang E Ernst in Physical Chemistry Chemical Physics 21, 121104-
21108 (2019).

Abstract

Vanadium oxide clusters with a mean diameter below 10nm are investigated by high
resolution Scanning Transmission Electron Microscopy (STEM), Electron Energy Loss
Spectroscopy (EELS) and UV-Vis absorption spectroscopy. The clusters are synthe-
sised by sublimation from bulk vanadium(V) oxide, in combination with a pick up by
superfluid helium droplets. The latter act as reaction chambers which enable cluster
growth under fully inert and solvent-free conditions. High-resolution STEM images of
deposited vanadium oxide particles allowing for the determination of lattice constants,
clearly indicate a dominating presence of V,Os. This finding is further supported by
UV-Vis absorption spectra of nanoparticles after deposition on fused silica substrates,
which indicates that the oxidation state of the material is preserved over the entire pro-
cess. From the results of the UV-Vis measurement, the band gap of the nanosized V505
could be determined to be 3.3 eV. The synthesis approach provides a route to clean V505
clusters as it does not involve any surfactant or solvents, which is crucial for an unbiased
measurement of intrinsic catalyst properties

7.1 Introduction

Interest in nanometer-sized metal oxide particles has been increasing in the last decades
due to their numerous applications in catalysis, medicine, energy storage, electronics
and optics. ™27 When the diameters of such particles approach the sub 10 nm regime,
the surface-to-volume ratio increases dramatically. The higher fraction of atoms at
edges and corners reduces the mean coordination number, which enhances their chemical
reactivity.4”

Transition metal oxides have unique properties originating from the characteristics of
the outer d-band electrons. Vanadium oxide is a prominent representative of this group
of materials, and clusters consisting of it have been object of active research due to their
numerous oxidation states and the relatively high abundance of the material. Theoretical
and experimental studies of the structure and stability of small clusters of V5,05 have
been performed by Sauer et al 160198200 Regarding strategies for a controlled synthesis
of nanostructures, Limberg et al. showed that thin films of V5,05 can be obtained by

vapour deposition of heated V,05 powder.??! However, to the knowledge of the authors,
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none of the current techniques allows for a controlled coating with V,O5 nanoparticles.
Among the possible applications, heterogeneous catalysis is probably the most important
field, 2027206 Hhyut recent research efforts have also been dedicated to energy storage.?07

For the synthesis of small (<10nm) transition metal oxide clusters, solution based
methods are often used, such as sol-gel techniques, microemulsions, micelle / reverse
micelle methods or precipitation.42123 A disadvantage of all these techniques is the in-
evitable impact onto the product shape, structure and purity. An alternative approach
is based on the evaporation of vanadium oxide with lasers, but has undesired side ef-
fects such as the production of highly reactive fragments, charged complexes and other
unwanted by-products. 190208

In this paper we employ a different strategy to synthesise nanoparticles which is based
on the accumulation of V505 oligomers in helium nanodroplets. The present work ex-
pands our previous experiments from the in situ characterisation of V,Op5 oligomers in
a helium droplet beam,*” towards the formation of nanoparticle films comprising of
individually deposited particles with diameters below 10 nm. After deposition, several
er situ measurement techniques can be applied to the particles in order to reveal their
characteristics on different supports.

The synthesis method has its origin in spectroscopy,® where helium droplets have

L9 and has evolved into a versa-

been used to assemble and investigate elusive molecules,
tile method for the production and subsequent deposition of metal clusters.™?4 Using
the helium droplet method for the synthesis of transition metal oxide clusters is a novel
exertion of this well known synthesis technique and is a new step into understanding of

these highly interesting materials.
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Figure 7.1: (a) HAADF image of V,0j structures as seen in STEM, for cold head tem-
peratures of 8, 6.7 and 5.4K and deposited on one substrate. (b) EELS
spectrum of a selected nanoparticle. The characteristic V-Lg, V-L3 and the
O-K edges are indicated by vertical dashed lines.”
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7 Synthesis of Nanosized Vanadium(V) Oxide Clusters below 10nm

7.2 Experimental Section

The experimental setup used for the synthesis of V505 clusters is described in detail in
Ref. [72. A short overview is given in the following. High purity helium gas (99.9999 %)
is expanded through a cooled 5 um nozzle under a constant pressure of 20 bar into high
vacuum (= 5-107° mbar), whereby helium droplets are formed. Depending on the nozzle
temperature, different size distributions of droplets are accessible. In our experiment the
nozzle temperature has been set to 5.4, 6.7 and 8 K, which corresponds to average sizes
of 1.68-10'°, 1 to 6 -107 and 5.31-10° helium atoms per droplet, respectively.? For each
temperature, a deposition time of ~ 20 minutes was chosen. After the expansion the
helium beam is cropped by a 400 pm skimmer before entering the next vacuum chamber
with a pressure of ~ 5 - 1075 mbar during deposition. Here, vanadium(V) oxide (V5Os,
Matek Prod. Nr. 008133) with a purity of 99.9 % is placed in a quartz crucible (Kurt
Lesker EVC2Q), surrounded by a tungsten heating basket (Kurt Lesker EVB8B3030W),
and is resistively heated to temperatures between 1100 K and 1200 K. When heated, the
vapour pressure of the desired material rises, creating a pick up zone above the bas-
ket. As documented in Ref. 209, small oligomers of vanadium pentoxide, preferably
units of V4O1g, tend to evaporate from the V,05 powder upon heating. After collision
with a helium droplet, these units of sublimated V505 remain attached and agglom-
erate to V505 clusters inside the droplet. The energy released in the process of bond
formation during cluster aggregation is dissipated by the evaporation of helium atoms
(approximately 5 cm™! per He atom).*!? This evaporation is monitoredby a residual gas
analyser (Balzer QMA 200/QME 200), by comparing the He signal before and during
evaporation, providing a convenient way to monitor the doping level. After the pick up
chamber the helium droplet beam is again cropped by a 2mm skimmer before it enters
the measurement chamber, with a pressure of ~ 1-10~® mbar, during deposition. In this
last chamber the clusters are deposited onto TEM grids. Additional diagnostic tools are
installed to characterise the doped droplet beam."

7.2.1 Scanning Transmission Electron Microscopy

After deposition on amorphous carbon grids under soft landing conditions,™ the sample
is exposed to ambient air during transport ( &~ 10min) and insertion into a Scanning
Transmission Electron Microscope (STEM), where the V5,05 particles are studied via a
high-angular annular dark-field (HAADF) imaging detector at atomic resolution using
a probe-corrected FEI Titan® G2 60-300 TEM. The microscope was operated at 300
keV achieving a resolution of ~ 70 pm. A Gatan quantum energy filter, attached to the
microscope, is employed for electron energy loss spectroscopy (EELS).

Vanadium has several stable oxides and a transition between them can be easily in-
duced e.g. by temperature increase or by electron irridation. The reducing effect of the
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7 Synthesis of Nanosized Vanadium(V) Oxide Clusters below 10nm

electron beam during STEM measurements, in particular for nanostructured objects, is
well known and also documented for the case of vanadium oxides.”*® In order to avoid
any undesired reduction under the electron beam, the dose is kept as low as possible by
using an electron current of 100 pA and short exposure times for each particle.t?

7.2.2 UV-Vis Absorption Spectroscopy

UV-Vis absorption spectra were measured using a Shimadzu UV-1800 spectrophotome-
ter. The Vo005 nanoparticles were deposited on a fused silica microscope slide (Corning
7980, fused silica, 1 mm thickness). After deposition the slide was taken out of vacuum
and placed into the spectrometer to acquire the shown spectra. A second fused silica
slide from the same patch was used as reference.

7.3 Results

7.3.1 STEM

A High Angle Annular Dark Field (HAADF) overview image of clusters is shown in
Figure Several bright nanostructures are distinguishable. Note that some elongated
shapes are also visible (see in Fig. in the right lower corner), which is a typical side
effect of our synthesis method. In larger helium droplets, created at nozzle temperatures
below 8 K, metal clusters become elongated due to the presence of one-dimensional
vortices inside the superfluid helium droplets along which the dopants preferentially
agglomerate, 2003214

The shape and size of the deposited nanostructures is revealed directly by the STEM
images and can be explained by the He synthesis given certain helium droplet source
conditions. However, a more challenging task is the determination of the oxidation
state, i.e. the actual structural composition of the vanadium oxide after deposition.
Electron energy loss spectroscopy (EELS) is an element-sensitive technique that can
provide insights into the oxidation states of a material and is routinely employed for
this purpose in transmission electron microscopy. The approach relies on the fact that
near edge features as observed in EELS spectra are highly sensitive to the local valence
electronic structure, which depends on the nature of chemical bonds in the material,
in our case, the various types of V-O bonds in the nanoparticles. However, although
EELS has been successfully employed in previous experiments on bulk vanadium oxide

215210 4 this particular case the approach turned out to be futile

as well as thin films,
due to the close proximity of the V L- and O K-edges. The low electron beam dosage
mentioned above, a necessity to avoid particle damage and to prevent electron-beam
induced reduction,™™ provides a rather weak EELS signal and a relatively low resolution

compared to other published spectra. An EELS spectrum obtained from a nanoparticle
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7 Synthesis of Nanosized Vanadium(V) Oxide Clusters below 10nm

is presented in Figure showing the L2 (V 2py/;) and L3 (V 2ps/2) main features
peaking at 517.1 and 522.7eV, respectively. The V 2p L-edges as well as the O 1s
K-edge are indicated by a vertical dashed line. However, due to the large number of
possible oxidation states and the similarity in the EELS signal a distinct characterisation
is not possible. A more detailed discussion of the EELS signal is provided in the SI.

As an alternative method to reveal the oxidation state, the lattice constants of the
clusters were measured directly from HAADF images and comparedto bulk values. In
order to do that, TEM images have been selected where suitable vanadium oxide particles
with multiple grains were visually accessible at the same time.

In these cases, different lattice reflexes could be determined within the same particle,
and the lattice constants could be derived as indicated in Figure where regions of
sufficient lattice contrast are highlighted. The black lines mark a group of lattice planes
with a distance of 2.7 A which can be assigned to the (011) plane of V,0j;, while the
blue lines mark a region in which the lattice reflexes have a spacing of 2.2 A, which can
be assigned to the (020) plane of V,05. Another structure is presented in Figure [7.3]
where a lattice spacing of 5.7 A could be measured, which we assign to the (200) plane of
V,,05.2%8 For the sake of a direct comparison we plotted the known lattice constants of the
vanadium oxides in Figure[7.4] together with the measured distances from Figure [7.3] and
Figure[7.2]510 The displayed reflexes are simulated from the published lattice parameters
using the software Vesta.?! The coloured area mimics the uncertainty of the microscope
and therefore indicates the possible reflexes of each oxide. Hereby, the only oxide offering
significant lattice reflexes in all marked regions is VoOs5. Within the recorded images, we
did not find a lattice distance between 4 and 4.5 A. The lack of these reflexes may be due
to the limited number of clusters with respective lattice orientations observable during
the experiment. However, together with our spectral observation (see below) we consider
the result as strong evidence for that the oxidation state of the nanoparticles is preserved,
starting from their growth in the He droplets from sublimated V.05 fragments, up to
their final deposition on the support.

The size distribution of the V505 clusters was determined by analysing the HAADF
images. A total of 523 clusters has been investigated to produce a typical log-norm
distribution as shown in Figure [7.5] The larger part of the synthesised clusters has a
size below 10 nm.

7.3.2 UV-Vis Absorption Spectroscopy

To determine the dominant oxidation state of the deposited clusters, UV-Vis absorption
spectroscopy serves as an additional method for the investigation of the chemical com-
position of the V5,05 particles. In Figure a) the clusters show a strong absorption in
the UV region, but are transparent in the visible and IR regime. The recorded spectrum
agrees well with the absorption spectrum of V5,05, which, among all the previously stud-
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Figure 7.2:

Figure 7.3:
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STEM HAADF image of a V505 particle (synthesised at 5.4 K cold head
temperature). Two regions are marked where lattice constants could be
extracted from the image. The respective intensity profile between the lines
is shown in the inset. The black lines indicate a group of planes with a
spacing of 2.7A the blue lines mark a group of planes with a spacing of

2.24.

Distance [nm]

STEM HAADF image of a V505 structure (synthesised at 5.4 K cold head
temperature). The intensity profile of the local structure between the yellow
lines is shown in the left corner. The distance of the peaks is marked by blue
lines indicating the lattice distance of 5.7 A.

ied vanadium oxides, is the only species that exhibits no absorption in the visible.™ This

can be seen clearly from Figure b) which contains a direct comparison to spectra
taken from Ref. [11. The band gap of the prepared samples has been determined as
375nm (3.3eV) from a line-fit to the decreasing absorption in the UV, indicated in Fig-
ure|7.6| (dashed line). The value is higher than the reported value of bulk (2.3 eV, see Ref.
220) but smaller than the HOMO-LUMO gap known for the molecular (V,05)2 dimer
(4.4€V, see Ref. 221)). As clusters in the sub 10 nm regime are bridging the gap between
bulk and molecules, it appears reasonable that the obtained value resides between these
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Figure 7.4:

Figure 7.5:
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Size distribution of V505 clusters derived from HAADF images providing a
total cluster count of 523. ‘Major diameter’ refers to the longest distance
within a cluster. A cutoff below 2 nm was used to exclude noise. This is the
total size distribution from the deposition at nozzle temperatures of 8, 6.7
and 5.4 K on one substrate.

7.4 Conclusion

V505 clusters with a size distribution < 10nm have been synthesised through sublima-
tion from bulk, helium-assisted growth and follow-up deposition. EELS measurements
confirm the presence of vanadium, but did not provide further information on oxidation
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Figure 7.6: UV-vis absorption spectra of the synthesised V5,05 clusters on fused silica
(a) and reference spectra taken from Ref. (11l (b). An absorption near the
ultraviolet region is evident for the measured signal. The spectrum was
acquired by subtracting the signal of a plane spot at the support and the
spot of cluster deposition. When comparing the reference spectra to the
measurement, the similarity to the V5,05 is visible.

states. Therefore, the chemical stoichiometry of the synthesised clusters was determined
based on lattice distances as measured from HAADF images. We find best agreement
with reflexes of vanadium(V) oxide, a suggestion which is further confirmed by UV-Vis
absorption measurements. In the course of the latter also a band gap of 3.3 eV could
be determined for nanostructured V,Oj clusters with average sizes below 10nm. This
confirms that the chosen way of particle synthesis through helium droplets does not
affect the chemical composition of V,0Oj5, which suggests future combinations with other
metal impurities during synthesis in order to produce application-tuned nanostructured
catalyst materials.
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8 Conclusion

Within this thesis, two main scientific topics are presented. First, the diffusion on the
nanoscale and second the synthesis of vanadium oxide clusters. All nano structures
were synthesized in superfluid helium droplets, therefore solvent-free conditions could
be assured.

This circumstance was important for the examination of Ag@QAu clusters with a mean
size below 10 nm. The determination of the diffusion characteristics has been achieved
with a promising precision. A new method was established, which uses the change in
intensity of a core@shell cluster in HAADF images during temperature induced alloying.
During this process, 2-dimensional intensity profiles of the clusters were taken. Due to
the change in each temperature step, the diffusion could be monitored until total alloying
occurred.

Bimetallic clusters in a core@shell configuration of FeQAu were also synthesized. Here
the minimal covering layers of Au were determined, to inhibit the oxidation of the Fe
core. The sample was kept under ambient conditions for a short period of time to enable
oxidation of the Fe cores. With the use of STEM measurements, a total of 3 atomic
layers of Au was found to be sufficient to prevent the Fe from oxidation. This result was
strengthened by theoretical studies of the Au and Fe interface layer. For this system, a
strong rise in energy was determined if the Fe atom would transit three layers of Au in
comparison to two. During the measurement also the first core@shell@shell structure,
synthesised by helium droplets, was found, namely Fe@QAu@QFe30.

After the diffusion measurements were performed the aim of the work changed. The new
orientation was caused by external input. We changed the aim to the creation of V505
clusters and studied their formation in the helium droplet. Here an unusual phenomenon
was observed within the Time-of-flight mass spectrum. The vanadium oxide evaporated
in units bigger than the molecular unit at temperatures between 1000 and 1200 K. The
sublimation of V4019, VgO15 and VgOgg could be identified within the mass spectra.
Additional fragmentation of these molecules appeared in the mass spectra due to the
electron impact ionisation. Theoretical calculations for the desorption behaviour of a
V,,05-surface confirmed this experimental observation. A significant reduction of the
fragmentation due to the surrounding helium droplet was measured. Additionally, the
formation of larger (V20O3)s clusters inside the helium droplet was observed.

For bigger droplets and higher residual pressures of the V5,05, clusters in the size regime
of several nanometers could be synthesized. The chemical composition of the deposited
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8 Conclusion

clusters was also possible by using the STEM images and the UV-vis spectrometry. Due
to the combination of these measurement techniques the material of the clusters could
be determined as V50s.

As an additional task a chamber to measure catalytic activity of the synthesized clusters
was built using a template which was previously designed. Unfortunately no catalytic
activity of synthesized clusters was detectable. As a future improvement, the usage of a
different QMS should be proposed.
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In the first section of this Supporting Information we present a schematic of our ex-
perimental setup. In Section 2 additional TEM images of bimetallic core@shell clusters is
provided. The application of the CALPHAD method to the AgAu system is demonstrated
in Section 3. This section contains all formulas and parameters needed to generate phase

diagrams for bimetallic AgAu particles of any radius and composition.



1 Details of the Experimental Apparatus

In order to provide a more detailed description of the actual experimental setup we present a
schematic of the whole apparatus in Figure 1. The setup consists of three vacuum chambers,
one for the helium droplet production (Source Chamber SC), one for the dotation of the
droplets with metal species (Pickup Chamber PC) and one for cluster analysis and deposition

on TEM grids (Main Chamber MC).

TOF  Main Chamber
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Figure 1: Schematic of the experimental setup used for the synthesis of metal clusters inside
liquid He droplets; see text for details.

In the SC, a beam of liquid He droplets is produced by the expansion of He at 20 bar
into vacuum through a nozzle cooled by a cold head with temperatures between 3.5 and 20
K. The droplets are then doped inside the PC with up to two metal species. The metal
atoms stick to the droplets and form clusters inside during their time of flight from the
PC through a differential pumping stage (DPS) to the MC. Inside the MC, a TOF-MS is
used for the in situ analysis of the cluster size either by electron impact ionisation or via
laser-induced photoionisation. A quartz crystal microbalance is used for the determination
of the total amount of deposited metal. A quadrupole mass spectrometer is used to analyse
the remaining residual gas. It allows us to determine the total amount of helium flow as well

as the actual size of He droplets. The MC also contains a manipulator for the insertion and



the adjustment of TEM grids or other supports.

The size of the metal clusters can be adjusted via the size of the helium droplets which
is manipulated via the stagnation temperature, the pressure, and the temperature of each
evaporation cell in the PC. Before depositing clusters on heatable TEM grids, their size
distribution is analysed via a time-of-flight mass spectrometer, the micro-balance, and the

monitoring of the evaporated helium via a quadrupole mass spectrometer.

2 Additional TEM imagery

In this section additional HAADF TEM studies of core@shell clusters are provided. The ex-
perimental studies have been performed with a FEI Titan® G2 60-300 at 300kV. In Figure 2,
the images of nine different core@shell clusters at room temperature are presented. Pictures
1-5 show Ag@Au configurations, pictures 6-9 depict Au@Ag configurations. As mentioned
in the main article, the difference in the intensity is caused by the different Z-contrast of gold

and silver, allowing for a visual discrimination of core and shell areas with this technique.



Figure 2: TEM images of five Ag@Au clusters (1-5) to four Au@Ag clusters (6-9), taken
at room temperature. The inverted structure is obvious from the difference in contrast,
although the core-shell feature is optically more pronounced if silver is the core element
encapsulated in a shell of gold.



3 Application of the CALPHAD method to the AgAu
system

In this section we list the reassessed Gibbs energies which are used to calculate the phase
diagrams for the AuAg alloy as a function of the particle size and temperature for the liquid

(L) and the solid (S) phase. The numerical values are taken from Ref. 1.
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With these expressions, a total Gibbs free energy for both the liquid and the solid phase

can be calculated,
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(1)

which determines the phase (liquid, solid, coexistence) of the system for any metal ratio,

particle radius and temperature.
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deposited on the TEM substrate. Section 3 discusses a model in which the core/shell ratio
of ideal icosahedral clusters is analyzed, and uses this information to correlate doping rates
to actual compositions for the various particle sizes. Section 4 lists the geometries of all

intermediate states after atomic swapping as obtained from DFT optimizations.
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1 Experimental setup

A schematic of the He-droplet apparatus is presented in Figure 1. Our setup consists of

three vacuum chambers, one for the helium droplet production (Source Chamber SC), one

for the doping of the droplets (Pickup Chamber PC), containing the two evaporation cells

filled with Fe and Au, and one for mass spectra analysis and the deposition on TEM grids

(Main Chamber MC).

Source Chamber

Pickup Chamber

Main Chamber

Quadrupole MS

TEM-Grid
Tey =35..20K Evaporation Cells Fe & Au ®
po = 20 bar ® I$
. ]
NV L. " N J | i
¢ & ¢ o L@ T
’ " A 9 |
@ @ 10 b *"L“ Micro Balance
107° mbar 10-7 mbar _ mbar
\ \ | 100 I/s \
12000 I/s 1000 I/s 1500 I/s

Figure 1: Schematic of the experimental setup used for the synthesis of Fe/Au nano struc-
tures inside liquid He droplets; see text for details.



2 Types of metallic particles and their distribution

Commonness (%)

30
Area (nmz)

Figure 2: Histogram of sizes (area) of metallic particles
synthesized and deposited in the current setup.

Figure 2 shows the size distribution
of metallic structures deposited on
the TEM grid in the course of
He-mediated synthesis. The his-
togram is based on a classification
of &~ 1000 metal clusters (mixed
and pure metal clusters).

A pie chart of the types of mixed-

metallic nanoparticles (i.e. exclud-

ing pure Fe ad Au clusters) is presented in Figure 3. It is based on a data set comprising

~ 530 clusters whose structure could be clearly identified. In total, only 8 % of these mixed

structures correspond to successfully passivated Fe cores, the rest is formed by the par-

ticularly interesting 3-layered, partially oxidized structures (32 %) and the fully oxidized

particles (60 %). The latter can be further divided into core@shell and janus structures,

showing a slight preference for the janus-type (36 %).

8%

m Fe@Au H Fe@Au@Fe304
B Au@Fe304 Janus Au/Fe304

Figure 3: Distribution of nanostructures obtained via a two-step doping of helium droplets.



3 Closed shell model

The main manuscript mentions the variation of the doping rate as a convenient handle to
control the distribution of Fe and Au the nano structures. Table 1 correlates the doping
ratio with the number of of atoms in a cluster of certain size and its estimated number of Au
layers. This estimation is based on a simple model assuming magic numbers of icosahedral
core@shell geometries which are reasonably close to the desired ratio. It spans different
cluster sizes from 1000 to 5000 atoms; the ratio is varied from 25 to 50 and 75 % Fe. Note
that three additional shells as required for the effective passivation of the Fe core can be

realized only in mixtures containing 25 % of Fe or less.

Table 1: Correlations between doping ratio, number of atoms, and estimated layers of shell
material.

clusters ~25% Fe ~50% Fe ~75% Fe
atoms E— - .

Np. Ny, Sum Nr., Ny, Sum Np. Ny, Sum

wo w77 023 EESSSE

3 6 3 shells 5 7 2 shells 5 6 1 shell

2000 561 1496 2057 1923 1134 2057

) 8 3 shells 6 8 2 shells 7 8 1 shell
3000 923 1946 2869 1415 1454 2869
6 9 3 shells 7 2 shells
4000 1415 2456 3871
7 10 3 shells 8 10 2 shells 9 10 1 shell
5000 1415 3668 5083
7 11 3 shells 9 11 2 shells 10 11 1 shell

8 9 1 shell




4 DFT geometries

This section provides all bulk structures as obtained from partially constrained DFT op-
timizations with the PBE functional (Fe atoms are kept frozen); see main manuscript for
details. We present all unperturbed geometries as well as all intermediate states, obtained by
atomic swapping, i.e. exchanging a Fe atom from the interface layer with an Au atom of the
upper layers. All geometries are given in Cartesian format in units of Angstrom. Supercell
dimensions z, y and z were set to 8.60 A, 8.60 A, and 20.00 A, respectively. The formatting

supports direct copy and paste from the pdf document.

4.1 Geometries before O, adsorption

4.1.1 One layer

36

Fe 0.000000000 0.000000000 0.000000000
Fe -0.209619780 0.101432951 2.361919896
Fe 0.000000000 2.866500000 0.000000000
Fe -0.1056844327 2.974581928 2.277108325
Fe 0.000000000 5.733000000 0.000000000
Fe -0.030519771 5.545744462 2.314461000
Fe 2.866500000 0.000000000 0.000000000
Fe 3.073919673 -0.196329685 2.394530491
Fe 2.866500000 2.866500000 0.000000000
Fe 2.774344217 3.082720259 2.359460247
Fe 2.866500000 5.733000000 0.000000000
Fe 2.701097942 5.654822556 2.352494753
Fe 5.733000000 0.000000000 0.000000000

Fe 5.822752013 0.169838762 2.354752559



Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Au

Au

Au

Au

Au

4.

.733000000

.923519407

. 733000000

.072987286

.559467641

.4636205632

.386210279

.091789161

.377445366

.516330933

.162960348

.145597723

.947610965

.295327840

.269660189

.418441012

.447826000

316041976

4.

.866500000

.901441793

. 733000000

.410251878

.309371747

.305106663

.378023501

.484223524

.527618265

.957180873

.406445056

.322040051

.096762938

.468850823

.210437418

.061070770

.428956970

262905222

4.

.000000000

.315029530

.000000000

.615357976

.245748410

.814899541

.276193367

.267997204

.283609998

.369631302

.813213339

.798472199

.272334748

.045688588

.448993639

.086585108

.983614200

132432196

1.408986960 7.179907679 4.043121653

-1.418700529 1.450026172 4.218735341

1.430264939 4.292346244 4.215005448

-1.383742936 7.162664516 4.136567735

4.1.2 Two layers

45

Fe 0.000000000 0.000000000 0.000000000

Fe -0.008512726 0.011923532 2.226893151

Fe 0.000000000 2.866500000 0.000000000



Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Au

-0.215166069 2.629546343 2.449489936

0.000000000 5.733000000 0.000000000

0.

201282796 5.942237336 2.405106411

.866500000

.6550564423

.866500000

.121981954

.866500000

.821596870

.733000000

.984813032

. 733000000

. 726448332

.733000000

.580783813

.524268249

.304343029

.425475446

.228476171

.251448129

.456986948

.141673125

.362191974

.982419079

.314729878

.193923135

.329005752

.454982221

.313290393

0.000000000 0.000000000

-0.182108666 2.404845094

2.866500000 0.000000000

3.

000717603

. 733000000

. 782619803

.000000000

.205584128

.866500000

.874974640

. 733000000

.483565252

.630404007

.140185880

.178759460

.226372352

.342775343

.303888986

.456253485

.391416670

.061100658

.404266652

. 292896665

.154011982

.428306998

.282503562

2.

402209267

.000000000

.240022913

.000000000

.449850667

.000000000

.230155562

.000000000

.404679104

.270119516

.273937151

.809690630

.271124105

.838917480

. 276850936

.817555241

.271405359

.270045970

.138873768

.139095640

.101295312

. 136467246

.2856939520



Au 1.449878399 7.154932682 4.296964930

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

-1.414016166 1.421157132 4.348125722

1.444921088 4.274761335 4.101506572

-1.420022135 7.145137574 4.137231203

0.038004390 2.881868958 6.270742327

5.

2.

2.

5.

739043093

860580677

.881732825

.600949408

. 759733760

.034809852

912092117

735489924

2.

2.

862835075

831404568

.707482936

.704428343

. 734722567

.576796172

.592327691

.557742730

4.1.3 Three layers

54

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

6.

318863730

.257365796

.295753229

.263541202

.257410511

.323479643

.256880040

.272877239

0.000000000 0.000000000 0.000000000

0.041880121 -0.046382325 2.279165911

0.000000000 2.866500000 0.000000000

-0.297237884 2.575290914 2.449367195

0.000000000 5.733000000 0.000000000

0.073888899 5.941865461 2.345364950

2.

2.

866500000

870813752

.866500000

.128788627

.866500000

.607545077

0.000000000 0.000000000

-0.036902419 2.278509739

2.866500000 0.000000000

2.7932160568 2.375510836

5.733000000 0.000000000

5.880792824 2.349030592
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Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

4.

.733000000

.621268344

. 733000000

. 737633407

. 733000000

.934491749

.441282045

.307154202

.445446875

.256536664

.219018248

.456370800

.144467483

.450793520

.902898077

.272919886

.218971708

.311270405

.429977859

312994922

4.

.000000000

. 334827666

.866500000

.886870426

. 733000000

.468962753

.675446696

.139425246

.209594995

.439477755

.548119950

.045033801

.362532667

.300372124

.202659348

.440416697

.224940944

.161549657

.454086896

320129195

4.

.000000000

.370754161

.000000000

.228768703

.000000000

.432429062

.292861259

.362105360

.833862516

.845952125

.294301395

.318565585

.883108472

.224004829

.339688059

.293840282

.276617851

.110342657

.151980256

198544139

1.424694041 7.218717416 4.271736466

-1.479478089 1.354724558 4.322373059

1.443323797 4.293349061 4.126362220

-1.460763535 7.143963504 4.167074173

0.021947589 2.843273956 6.351035741

5.726109397 2.852163196 6.385632039

2.849457523 2.884747369 6.331285613

2.884402771 5.737343678 6.309236526

8.612894048 5.714534647 6.334772902
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Au 5.745344076 5.720235062 6.319870281
Au -0.002705799 8.583977219 6.364397898
Au 2.864036529 8.604241077 6.347433295
Au 5.715573364 8.549715459 6.362997362
Au -1.437937138 1.400015941 8.406958656
Au 4.274762500 1.429312644 8.392987023
Au 1.426348947 1.442503365 8.429223851
Au -1.419051707 4.280435683 8.389521494
Au 4.299049301 4.311923097 8.382935310
Au 1.448113661 4.296640462 8.407083497
Au -1.429846915 7.131019467 8.411296278
Au 1.454067452 7.156531740 8.360690938

Au 4.312673226 7.158364202 8.419753735

4.2 Geometries after O, adsorption

4.2.1 One layer

38

Fe 0.000000000 0.000000000 0.000000000
Fe -0.109908134 -0.281251175 2.399569282
Fe 0.000000000 2.866500000 0.000000000
Fe 0.219368053 3.113815165 2.463819847
Fe 0.000000000 5.733000000 0.000000000
Fe -0.002036562 5.721454011 2.226057140
Fe 2.866500000 0.000000000 0.000000000
Fe 2.979787020 0.162902268 2.351755556
Fe 2.866500000 2.866500000 0.000000000

Fe 2.909520866 2.783019646 2.281065196

12



Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Au

Au

Au

4.

1.

.866500000

.516737423

. 733000000

.640298701

. 733000000

.530003325

. 733000000

.021679781

.191724855

.485960307

.535295685

.295851757

.293209852

.265067398

.348795611

.103192272

.094421615

.281840929

.148435513

.290028617

.416837584

276357855

421528473

7.

. 733000000

.660967993

.000000000

.119482915

.866500000

.701884591

. 733000000

. 781802898

.390462212

. 264257727

.279487424

.428805021

.523355753

.960857314

.527336403

.061050174

.207734547

.422977709

.237972213

.150165675

.427000266

.313201184

211520172

4.

4.

.000000000

.412876654

.000000000

.283623208

.000000000

.3856887960

.000000000

.385308890

.290611263

.869620678

.059874068

.808657036

.334512796

.330559580

.286748619

.239686424

.882494445

.261395319

.116634052

.008116215

.088435928

029486331

150079429

-1.407907265 1.420592060 4.039898921

Au 1.416332924 4.318235760 4.324970727

Au -1.442980318 7.158236247 4.231523764

0 4.240776928 5.091229150 6.105844727

0 4.276844338 6.414763895 6.100345150



4.2.2 Two layers

47

Fe 0.000000000 0.000000000 0.000000000

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

-0.144168923 0.237304005 2.379623187

0.000000000 2.866500000 0.000000000

-0.016075003 2.856405799 2.238855783

0.000000000 5.733000000 0.000000000

0.

239136119

.866500000

.962881816

.866500000

.620841180

.866500000

.864040464

. 733000000

.781142966

.733000000

.973354664

. 733000000

.482264425

.653053002

.433722953

.207306042

.148230162

.356739406

.332927739

.140068709

5.480101031 2.466886674

0.000000000 0.000000000

-0.240925681 2.385375175

2.866500000 0.000000000

3.

122803218

. 733000000

. 727987604

.000000000

.041840752

.866500000

. 736722726

. 733000000

.851209996

.394750864

.304037062

.217469481

.569344855

.080279615

.205422386

.408228943

2

.470675653

.000000000

.233982594

.000000000

.249098173

.000000000

.388946206

.000000000

.3935956551

.266613641

.823369158

.278925930

.298988923

.266302758

.847534313

.825498181
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Fe

Fe

Au

Au

Au

Au

Au

Au

1

.103887820

.300561918

.290168569

.162764174

.287317614

.442361015

.298156983

.412989404

7.

.519462336

.013489056

.433903774

.311848081

.146682494

.429927642

.283841641

158370556

4

.272813942

.291336449

.079412449

.164221230

.256998516

.141904613

.159479220

.159551511

Au -1.430793964 1.438614040 4.274789174

Au 1.429754906 4.312044826 4.389671253
Au -1.428679252 7.149537505 4.091127830

Au -0.026546481 2.854183814 6.324704778

Au

Au

Au

Au

Au

Au

Au

5.704813916 2.858640879 6.261486770

2.

2.

2.

880522924

777669106

.564245311

. 7950956914

.010081105

858053694

2.

8.

808298268

.719874731

. 752597845

.714654703

.579756536

607187027

6.

6.

275943706

.407754360

.377875855

.251485523

.242878258

225243370

Au 5.734666615 8.602984482 6.250062146

0 4.237996541 5.951376432 8.145668387

0 4.245447643 5.060538658 9.063678655

4.2.3 Three layers

56

Fe 0.000000000 0.000000000 0.000000000

Fe 0.047649559 -0.061893452 2.285675345

Fe 0.000000000 2.866500000 0.000000000



Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Au

-0.301497639 2.574123197 2.457099527

0.000000000 5.733000000 0.000000000

0.

076883351 5.940760070 2.353759375

.866500000

.899933691

.866500000

.115007049

.866500000

.610159100

.733000000

.610251843

. 733000000

.730104325

.733000000

.934405750

.437547410

.306893365

.445102841

.268288887

.226554151

.449487526

.158789978

.444661947

.907084489

.280324120

.224214797

.314763930

.429993640

.327372847

0.000000000 0.000000000

-0.005838338 2.273688751

2.866500000 0.000000000

2.

806133613

. 733000000

.886494522

.000000000

.333389739

.866500000

.877191672

. 733000000

.492991730

.673537789

.133436437

.207703101

.443641969

.546585592

.044485872

.361754985

.302175257

.213641879

.463391147

.236417562

.178048679

.455635755

.334857952

2.

378230084

.000000000

.3527156213

.000000000

.379466442

.000000000

.230912528

.000000000

.436059383

.286335272

.35656723920

.836127375

.826209477

.291027951

.305460297

.886544914

.231693080

.337072854

.291570474

.270536896

.109447027

.142221712

.189143767
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Au 1.424480532 7.230876156 4.265191740
Au -1.480865771 1.370775910 4.337408479
Au 1.447526743 4.294912800 4.124326793
Au -1.457741918 7.163532444 4.167319624
Au 0.012517666 2.876358307 6.377242026
Au 5.726024135 2.892391794 6.418312437
Au 2.842867646 2.924466750 6.307924148
Au 2.871638041 5.780333298 6.320941416
Au 8.611612937 5.756191613 6.325876453
Au 5.729638136 5.758100316 6.309097111
Au -0.005475112 8.620141237 6.393654284
Au 2.855165218 8.648822705 6.330956363
Au 5.715259644 8.593786364 6.392696451
Au -1.417187922 1.443691195 8.418468693
Au 4.286768576 1.484883702 8.479323874
Au 1.446830278 1.504673675 8.502867032
Au -1.455596014 4.355309205 8.457671093
Au 4.320681084 4.267968873 8.393720862
Au 1.353460855 4.266905162 8.401769283
Au -1.439446183 7.153184439 8.453135466
Au 1.383100945 7.331073581 8.429589494
Au 4.338505029 7.319576354 8.431723403
0 3.553049047 5.777528280 9.929085556

0 2.164948477 5.811974077 9.932412828

4.3 Swapped geometries, before O2 adsorption

4.3.1 One layer

36
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Fe 0.000000000 0.000000000 0.000000000

Fe 0.270910130 -0.246821697 2.563455821

Fe 0.000000000 2.866500000 0.000000000

Fe

Fe

Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

-0.006615561 3.118352458 2.392829997

0.000000000 5.733000000 0.000000000

0.

2

075818877

.866500000

.814993411

.866500000

.894614367

.866500000

.721869146

.733000000

.541142411

. 733000000

.596719339

. 733000000

.972917935

.181832189

.454793968

.432070080

.268326451

.358542100

.327534391

.331478482

.047211555

.182186066

.389455535

5.703477137 2.309496868

0.000000000 0.000000000

-0.103319275 2.314162065

2.866500000 0.000000000

2

.820242326

. 733000000

.654807487

.000000000

.132090795

.866500000

.715760581

. 733000000

. 728330369

.400100324

.302402228

.171178472

.400969857

.440998844

.913232445

.291665683

.218720936

.429145777

. 326942867

2

0.

.661925042

000000000

.514458192

.000000000

.389256485

.000000000

.356172519

.000000000

.415777400

.253821610

.930423999

.864692673

.879207140

.206612987

.320146295

.300279394

.023001149

.261086549

.402890902
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Au

Au

Au

Fe

Au

Au

7.110748280 4.278360634 4.208434040

4.333239950 7.124187840 4.121160176

1.408394856 1.298606040 4.323365633

4.509029490 4.561646672 3.594245758

1.499203128 7.059894351 4.362411969

-1.379171885 1.415931122 4.037934963

Au 1.316758478 4.292191469 4.391402167

Au -1.408315081 7.181710875 4.169399063

4.3.2 Two layers, swap in 1% layer

45

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

0.000000000 0.000000000 0.000000000

0.007534236 0.003968563 2.235219101

0.000000000 2.866500000 0.000000000

-0.057542771 2.611757793 2.406677447

0.000000000 5.733000000 0.000000000

0.

2.

202506261 6.008992442 2.453772272

866500000

.613700187

.866500000

.966991779

.866500000

.881459932

.733000000

.014625524

. 733000000

. 757088652

. 733000000

0.000000000 0.000000000

-0.061095968 2.406898589

2.866500000 0.000000000

2.

966088989

. 733000000

. 764473267

.000000000

.193874954

.866500000

.889118965

. 733000000

2.

615205681

.000000000

.327322814

.000000000

.4565612227

.000000000

.330373160

.000000000
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Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Fe

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

4.

.417909188

.466990047

.191101109

.468220250

.3256392475

.301849137

.450522022

.158878525

.295777454

.993860740

.395329721

.183254298

.334680927

.406896556

403997941

4.

.415439144

.470074786

.322447045

.166793243

.1917856814

.305652802

.293950026

.473652241

.449008582

.991354878

.3880505617

.328969318

.173147390

.404731499

396631208

4.

.518339264

.940856430

.246356308

.865655369

.248037601

.845369280

.314061701

.871775239

.314090844

.314501725

.245625678

.091365935

.093942240

.301993216

188805073

1.466561909 7.211215121 4.326117220

-1.385641061 1.458706103 4.325418580

1.398710344 4.397018687 4.250985946

-1.403166571 7.189827529 4.174380012

0.004418966 2.942445158 6.301734037

5.

2.

699618483

908184792

.003559779

.609944813

. 784693213

.010807318

.942919604

.770336289

2

2.

.990878737

906300300

.700842363

. 768375358

.771444602

.605769686

.600533670

.593368829

6.

183816563

.204627244

.191201250

.340503247

.212671107

.379338801

.308857176

.336202540
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4.3.3 Two layers, swap in 2"¢ layer

45

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

0.000000000 0.000000000 0.000000000

0.164226852 0.177301545 2.365617540

0.000000000 2.866500000 0.000000000

0.081920088 2.595917792 2.421747841

0.000000000 5.733000000 0.000000000

-0.239752984 5.973471243 2.352755016

2.866500000 0.000000000 0.000000000

2.

2.

766430511 0.

866500000

.941438217

.866500000

.135920135

. 733000000

.449646566

.733000000

.685140696

. 733000000

.644999188

.445959887

.320073054

.468226020

.405840665

.302027151

.510456469

.019312236

2.

2

057366352 2.340363785

866500000

.696668926

. 733000000

.710985424

.000000000

.478753935

.866500000

.919716986

. 733000000

.610019089

.445119221

.408928951

.962482794

.341140057

.298249180

.386474934

.267950199

0.

2

000000000

.671594257

.000000000

.349697226

.000000000

.815521604

.000000000

.347248686

.000000000

.336372662

.840226189

.162576280

.240726106

.998629771

.8533056375

.351810560

.271771489
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Fe

Fe

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Fe

Au

Au

Au

Au

1

-1.458800358 1.555351647 4.492483458

.406173378

.911218002

.284565492

.162430666

.246309943

.368375588

.351510361

.397447207

7.

.241955082

.476077470

.530856373

.383047495

.241532442

.432794237

.430705132

185068404

4

.289842575

.446195583

.929569295

.116490623

.213653099

.608294252

.317140323

.083869429

1.348694704 4.446453513 4.034050735

-1.527140799 7.296904773 4.147222655

0.

2.

021911895

.777806135

.772749922

.401066058

.286635559

.290568793

.006028108

774677831

SP

3.

8.

372245650 6.354372818

393723314 6.526164611

.514238355

.835401343

. 797921827

.833833811

.219485046

133704603

Au 5.754267804 8.252779643

4.3.4 Three layers, swap

54

Fe

Fe

Fe

Fe

Fe

6.

6.

6.

447250898

.310719557

.770389886

.873171033

.412988752

474551941

466406702

in 1% layer

0.000000000 0.000000000 0.000000000

-0.016664012 -0.012936039 2.240889637

0.000000000 2.866500000 0.000000000

-0.058430084 2.571785321 2.385205267

0.000000000 5.733000000 0.000000000
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Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Fe

Au

Au

.229452024

.866500000

.572741279

.866500000

.996221218

.866500000

.857257900

. 733000000

.001535885

.733000000

. 795050795

. 733000000

.413648401

.474328095

.184624134

.478216073

.321643739

.3138056472

.467645912

.160321117

.289456476

.984406231

.401693524

.181534982

.317891166

.428476118

.431239855

.456673914

6.004031171 2.447522619

0.000000000 0.000000000

-0.055113275 2.383952575

2.866500000 0.000000000

2.

995568719

. 733000000

.792481842

.000000000

.230834442

.866500000

.849199176

. 733000000

.411851640

.476011842

.322654112

.158598050

.182998212

.312110920

.284100708

.474311339

.462129308

.987039799

.405539803

.314698096

.179679259

.428537034

.430259237

.226794732

2

618400878

.000000000

.320236476

.000000000

.450905101

.000000000

.319562837

.000000000

.539906668

.954351979

.2556505389

.870858810

.257069712

. 858868534

.348612706

.866669048

.346859535

.372523893

.293171303

.125496305

.127407471

.312620586

.219912333

.3556721059

-1.373908450 1.455098623 4.357926181



Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

4.3.5 Three layers, swap in 2"¢ layer

54

Fe

Fe

Fe

Fe

Fe

1.405208256 4.406619977 4.294599467

-1.423601359 7.174156048 4.193861136

0.041027508 2.926452530 6.385945377

5.

0.

2.

750201698

.9256851925

.9556313103

.608191962

.763039658

025598355

923005713

2.

8.

8.

951259997

.927931366

. 754176581

.767511850

. 758142365

628774163

639508805

6.

6.

6.

311430725

.289883847

.315497339

.384804373

.281670382

446154293

389225889

5.762650364 8.603324493 6.382832297

-1.429459057 1.495646420 8.384015393

4.316189603 1.492289212 8.403662251

1.475323793 1.490400269 8.443677398

-1.392899885 4.337943471 8.428591241

4.352023689 4.347240654 8.380179463

1.495617676 4.331262703 8.401534791

-1.418059361 7.175493442 8.435507963

1.501556804 7.186628902 8.391951309

4.345211430 7.202064809 8.435956433

0.000000000 0.000000000 0.000000000

0.017788561 -0.018919922 2.239379267

0.000000000 2.866500000 0.000000000

-0.011300299 2.584072292 2.385512204

0.000000000 5.733000000 0.000000000
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Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Au

Au

Au

.293418560

.866500000

.544604487

.866500000

.897013658

.866500000

.849131367

. 733000000

.047087058

.733000000

. 798854196

. 733000000

.475541838

.461696769

.185380526

.467353232

.322913187

.314744876

.351900188

.135577091

.305035271

.122200831

.400170933

.182309855

.326018415

.411084912

.303010240

.521512070

5.980669802 2.518733571

0.000000000 0.000000000

-0.042102259 2.426781223

2.866500000 0.000000000

2.

939437752

. 733000000

.816470764

.000000000

.123973893

.866500000

.882986002

. 733000000

.585614519

.449306479

.334091339

.153825934

.195031240

.301525767

.382691036

.486361997

.466908517

.921677483

.355542087

.341698004

.170120377

.384062000

.381911785

.161023316

2

592377018

.000000000

.297069928

.000000000

.409234539

.000000000

.284005527

.000000000

.389846286

.917560297

.237719533

.879352658

.273066256

.863839466

.340675025

.875812653

.359671982

.345978196

.249617229

.137834777

.194525830

.366095968

.436104136

.444970975

-1.388482235 1.463917204 4.305081877



Au

Au

Au

Au

Au

Fe

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

4.3.6 Three layers, swap in 3" layer

54

Fe

Fe

Fe

Fe

Fe

1.408356897 4.388864103 4.391536762

-1.385754551 7.178471567 4.230238726

0.011385323 2.897546952 6.415132050

5.

0.

2.

782908322

.896006221

.868870285

.622695790

. 736517384

022550431

952117901

2.

8.

8.

881933259

.883845147

. 758073206

. 764700002

. 788550652

630534361

559553298

6.

6.

6.

389299535

.360424032

.541628719

.412254091

.347961175

466326040

389737341

5.792466661 8.619696527 6.399404496

-1.401073625 1.486405344 8.452253538

4.322499478 1.451464660 8.443969491

1.516510241 1.453895039 8.458306576

-1.425133793 4.357674894 8.449984403

4.290913540 4.350630907 8.330312228

1.485451658 4.330024458 8.390148338

-1.409669514 7.174995335 8.462919165

1.518870969 7.148690302 8.398032229

4.325974329 7.153940577 8.410104704

0.000000000 0.000000000 0.000000000

-0.014822356 0.025475329 2.251291483

0.000000000 2.866500000 0.000000000

-0.033653906 2.500106693 2.466055619

0.000000000 5.733000000 0.000000000
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Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Au

Au

Au

.137740861

.866500000

.601516707

.866500000

.915720243

.866500000

.822827279

. 733000000

.971163860

.733000000

.801576962

. 733000000

.622773997

.452320489

.213048669

.465823574

.339486323

.270570781

.462769532

.147705007

.403363258

.932433403

.375865524

.180857570

.333473368

.390128214

.352745688

.440760742

6.025823281 2.403860087

0.000000000 0.000000000

-0.044948455 2.392919709

2.866500000 0.000000000

2.

790626459

. 733000000

.824911881

.000000000

.301778241

.866500000

.846233738

. 733000000

.475616100

.468685076

.293083586

.147498586

.184849888

.310308528

.297495638

.477593976

.323439711

.137733789

.312441046

.312773517

.194312307

.352951936

.357617413

.240341859

2

630708227

.000000000

.284328652

.000000000

.524417019

.000000000

.288290142

.000000000

.346377060

.920949839

.281939799

.863275088

.216069988

.886774245

.339343913

.886030301

.339072316

.337597964

.462109699

.140368847

.089487586

.479353797

.304265319

.323784142

-1.403861843 1.409044290 4.489180292



Au 1.357614926 4.407448256 4.203454043

Au

Au

Au

Au

Au

Au

Au

-1.431631234 7.206677402 4.194385941

0.012685303 3.036106743 6.362371925

5.

776467176

.879193351

.902122692

.585682677

. 769308608

3.

037822765

.988874637

.839992671

.867026777

.897537750

6.

372805859

.292108891

.269631691

.320450428

.280629446

Au 0.034002290 8.729882153 6.926015831

Au 2.895775681 8.704312368 6.750368659

Au 5.783156394 8.725589210 6.813551911
Au -1.417591308 2.001336576 8.606666051
Au 4.295008536 2.020030038 8.567679549
Au 1.511354962 2.093264743 8.600914948
Au 0.050706240 4.443618917 8.952455202
Au 5.641372000 4.464272048 8.912753273
Fe 2.883357600 4.446220455 8.474087774
Au -1.423743989 6.877456209 8.575925603
Au 1.507224329 6.788066227 8.548468514

Au 4.298892380 6.879208090 8.532005983

4.4 Swapped geometries, after O2 adsorption

4.4.1 One layer

38

Fe 0.000000000 0.000000000 0.000000000
Fe 0.180072115 0.014303273 2.329401694

Fe 0.000000000 2.866500000 0.000000000

28



Fe

Fe

Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Fe

.200357082

.000000000

.070554499

.866500000

.788138402

.866500000

.913454338

.866500000

. 752238232

.733000000

.505237275

. 733000000

.547344483

.733000000

.966749907

.433418617

.249457730

.428296446

.298380222

.312586974

.447244011

.198870397

.406359245

.971623544

.371343423

.206225291

.330835385

.432801843

.442843305

2.478333678 2.585237419

5.733000000 0.000000000

5.859389114 2.368470929

0.000000000 0.000000000

-0.033696513 2.278027377

2.866500000 0.000000000

2.

759519788

. 733000000

.664886227

.000000000

.267996972

.866500000

. 778008160

. 733000000

.481783413

.475579445

.254142747

.129982315

.409484132

.444009952

.028281526

.585406906

.105149962

.282593688

.326161611

.099363403

.150659787

.270284643

.542002988

2.

674883255

.000000000

.410688458

.000000000

.393497230

.000000000

.389245435

.000000000

.373945317

.865218905

.204132729

.846780929

.815193421

.096520853

.299034496

.210091058

.347094426

.334178311

.471344821

.106424701

.013838862

.496140250

. 752856577
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Au 1.437217760 7.136005274 4.200108499

Au -1.442417946 1.295505039 4.165922634

Au 1.321255734 4.342074242 4.240513054

Au -1.432535577 7.135747080 4.067391810

0 4.430002190 4.761503913 5.504418030

0 4.416820537 6.042980314 5.931659976

4.4.2 Two layers, swap in 1 layer

47

Fe 0.000000000 0.000000000 0.000000000

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

-0.250436504 0.270268721 2.456339110

0.000000000 2.866500000 0.000000000

-0.096051646 2.830052305 2.268756514

0.000000000 5.733000000 0.000000000

0.

243725486

.866500000

.107921425

.866500000

.811643198

.866500000

.928795165

.733000000

.714036245

.733000000

. 772518058

. 733000000

.552391366

.429609270

5.488582651 2.405922350

0.000000000 0.000000000

-0.080508555 2.382134171

2.866500000 0.000000000

2

.927787100

. 733000000

. 766765439

.000000000

.037180029

.866500000

. 722053753

. 733000000

.997419599

.210750765

2

.615618448

.000000000

.319808356

.000000000

.272691752

.000000000

.476980694

.000000000

.474771919

.227208969
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Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Fe

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

4.

.429547602

.278241305

.290556104

.532532781

.276296323

.1562125032

.996143033

.362509452

.334401974

.211859144

.215280972

.343847272

555012531

1

4.

.293453485

.306010702

.465628528

.315991012

.140133968

.449385273

.465468969

.078477018

.385499282

.340079068

.138298717

.412481531

406434676

3.

.851879617

.285949509

.9568632873

.292444690

.864921078

.842176773

.325516006

.309563239

.300420132

.134559571

.309892106

.288355980

790137635

1.389962104 7.212806510 4.120491493

-1.456696703 1.476031867 4.345461116

1.495663124 4.433414379 4.409698883

-1.434508987 7.200934260 4.171917561

0.025227237 2.934029560 6.337202563

5.744494609 2.892794593 6.269664610

2.960897666 2.937514676 6.221463732

2.749356845 5.760250670 6.484890306

8.506768145 5.801484762 6.374254319

5.671497751 5.634818610 6.120530695

-0.027061482 8.598877935 6.369105394

Au 2.810393944 8.638279420 6.287023412

Au 5.743787964 8.559845982 6.343786103

0 4.193967544 6.326491757 8.146816139

0 4.177316976 5.706110224 9.256117359



4.4.3 Two layers, swap in 2"¢ layer

47

Fe 0.000000000 0.000000000 0.000000000

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

-0.275582106 0.227257244 2.452178880

0.000000000 2.866500000 0.000000000

-0.085793841 2.818160058 2.270821355

0.000000000 5.733000000 0.000000000

0.

268151336

.866500000

.155567237

.866500000

.813463275

.866500000

.882924107

. 733000000

. 726386942

.733000000

.797185756

. 733000000

.519918317

.434718894

.433982392

.304266548

.264889372

.551265791

.266250176

.178875936

5.516606044 2.428317662

0.000000000 0.000000000

-0.103137679 2.424776065

2.866500000 0.000000000

2

.932148849

. 733000000

. 793355907

.000000000

.023075326

.866500000

.602634847

. 733000000

.006759143

.196772095

.291909734

.330074140

.452149704

.316994525

.133142558

.471613463

2

.622341668

.000000000

.288089226

.000000000

.239694304

.000000000

.412247722

.000000000

.482076303

.263425676

.8562794318

.304835840

.936566832

.265932543

.848566925

.836216639
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Fe

Fe

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Fe

Au

Au

Au

1

.036923596

.307272674

.313808189

.182850397

.258606282

.320569429

.382962425

.408967351

7.

.456550347

.999481283

.365789019

.348673244

.156150892

.397577167

.381277729

216200718

4

.325458885

.326731841

.341252225

.119997617

.400506880

.287776553

.320727377

.116632284

-1.489787611 1.472035918 4.366376012

1.478308245 4.425317053 4.457780139

-1.446684089 7.203865991 4.186312568

-0.079897410 3.007626131 6.351489664

5.690046768 2.923346935 6.369296848

2.814616696 2.837063065 6.313799581

3.157641301 5.616361143 6.513128597

8.650995911 5.923145048 6.284800893

5.839065812 5.790508775 6.367247262

-0.102747258 8.702762236 6.434886304

Au 2.715560388 8.482256331 6.315110829

Au 5.679545269 8.616680036 6.452704410

0 3.133267368 5.625911765 8.143238075

0 3.525984998 5.543177591 9.333845033

4.4.4 Three layers, swap in 1% layer

56

Fe 0.000000000 0.000000000 0.000000000

Fe 0.017195106 -0.017330069 2.235142292

Fe 0.000000000 2.866500000 0.000000000



Fe

Fe

Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

Au

Fe

-0.027695702 2.587469430 2.386212094

0.000000000 5.733000000 0.000000000

0.

255109624 6.000901814 2.463055201

.866500000

.599724215

.866500000

.959018261

.866500000

.869877534

.733000000

.048393838

. 733000000

. 735813640

.733000000

.432502358

.450929631

.184946762

.491373149

.350644480

.312639456

.453940916

.134160600

.303296668

.011662122

.438583531

.206155101

.326990977

.433509692

.469468246

0.000000000 0.000000000

-0.018472837 2.390257434

2.866500000 0.000000000

2.

970280748

. 733000000

. 778979964

.000000000

.186913392

.866500000

.934018207

. 733000000

.437780894

.465084696

.323505438

.158653448

.191848297

.322158655

.313790851

.492057642

.458964767

.965880278

.406850236

.303531972

.172926176

.426134998

.385607987

2.

602959007

.000000000

.320277288

.000000000

.450965937

.000000000

.346859361

.000000000

.5356269129

.917164242

.243380719

.873701564

.246353276

.860501304

.3556172667

.902633792

.348139523

.350034981

.254619264

.118714755

.131164537

.328389419

.188729920
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Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

1.470656661 7.230633336 4.354553204

-1.350498058 1.446842143 4.349143468

1.423848197 4.408927150 4.305158938

-1.401056734 7.160358446 4.192063753

0.074324585 2.911227182 6.417676722

5.

2.

5.

-1.381342804 1.485145230 8.402917984

793254732

975842795

.989649842

.650639412

.781610050

.072731378

.977268833

816362526

2.

2.

8.

9243310569

915656663

. 739367017

. 754245558

.730612457

.619742689

.637774411

597659582

6.

6.

337862932

.260318839

.315982726

.395606154

.255149505

.478293850

.359429602

392820439

4.373439660 1.451776420 8.486347321

1.546265560 1.457514542 8.512681253

-1.352700289 4.347435853 8.485109620

4.450709436 4.215519739 8.404336264

1.485898806 4.209308479 8.420191547

-1.345125963 7.136503485 8.476170160

1.502089905 7.281087210 8.446830028

Au 4.462618689 7.275915861 8.417095744

0 3.680426417 5.716905766 9.914222515

0 2.277612232 5.745044322 9.905728622

4.4.5 Three layers, swap in 2" layer

56

Fe 0.000000000 0.000000000 0.000000000
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Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

Au

Au

.038008684

.000000000

.027076775

.000000000

.347467098

.866500000

.586771896

.866500000

.887784822

.866500000

.845486220

. 733000000

.059002228

.733000000

. 717835207

. 733000000

.527127973

.426043164

.191644713

.449109883

.438908568

.303504233

.326125171

.981062817

.333849853

.214839260

.421247409

.244426096

.343463097

-0.008872816 2.263327700

2.866500000 0.000000000

2.

5.

0.

-0.115062281 2.448326230

612828840 2.387676698

. 733000000

.998132480

.000000000

.038734339

.866500000

.930988802

. 733000000

826842054

0.

0.

2

000000000

.554996685

.000000000

.410435874

.000000000

.585182525

000000000

.288449333

000000000 0.000000000

2.866500000 0.000000000

3.

085179877

. 733000000

.660476405

.454469002

.338026185

.190436035

.262066788

.334630067

.435739820

.500108576

.457941097

.886191490

.365477068

.338802726

.190141573

2.

356910531

.000000000

.370179059

.894217479

.218859654

.860395789

.2556328547

.866867011

.338783116

.131099473

.366571205

.301431261

.239699167

.148405560

.208652020
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Au

Au

Au

Au

Au

Au

Au

Au

Au

Fe

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

1.4155689303 1.415665487 4.386190360

4.340641180 4.414366652 4.414902617

1.563977583 7.211046928 4.433491571

-1.391094222 1.451370159 4.255876276

1.471695088 4.4304510563 4.412010170

-1.318947148 7.163619111 4.311833574

0.044319381 2.910031347 6.407739554

5.805454305 2.888732904 6.362337869

2.936070718 2.879713329 6.361852466

2.909374282 5.829672824 6.462150063

8.673169591 5.772431313 6.452956074

5.779577183 5.791471130 6.375888602

0.053440061 8.643191296 6.497644965

2.985723022 8.566290397 6.412652076

5.822302285 8.627696778 6.424265803

-1.351499156 1.504614896 8.524137135

4.444212117 1.343036186 8.476665429

1.481254456 1.350468482 8.487861072

-1.381640035 4.322339643 8.472589355

4.337589014 4.394211585 8.302337629

1.542344832 4.394343861 8.370112361

-1.3809735639 7.177131430 8.469244044

1.543356297 7.151535340 8.500351506

4.348660368 7.145819038 8.478729708

0 3.648435077 2.749136397 10.037728021

0 2.274856006 2.733111268 10.034982738

4.4.6 Three layers, swap in 3" layer

56



Fe 0.000000000 0.000000000 0.000000000

Fe 0.016354463 0.007024135 2.234328622

Fe 0.000000000 2.866500000 0.000000000

Fe

Fe

Fe

Fe

Fe

Fe

Au

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Fe

Au

-0.048077286 2.562296913 2.413114136

0.000000000 5.733000000 0.000000000

0.

2

255829115

.866500000

.559808968

.866500000

.887866524

.866500000

.846129659

.733000000

.034921967

. 733000000

.806783977

. 733000000

.470936119

.439754900

.171552359

.486314365

.328547883

.289529723

.368812035

.1355633374

.301665008

.082012187

.380400182

6.040245129 2.482723142

0.000000000 0.000000000

-0.006124697 2.418210925

2.866500000 0.000000000

2

.853835336

. 733000000

. 783042349

.000000000

.165420598

.866500000

.850957102

. 733000000

.557267413

.451654901

.318941222

.157939952

.187190432

.291790967

.366573832

.496116520

.465911451

.956598530

.322202681

2

0.

.599633400

000000000

.278415060

.000000000

.422574169

.000000000

.288598640

.000000000

.371311940

.906425343

.295758373

.875697967

.257279586

.860445998

.325054928

.880602534

.346601357

.326941706

.316822722
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Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Au

Fe

Au

7.164101371 4.340960188 4.109191523

4.324872790 7.180543548 4.135655008

1.388155026 1.395313302 4.435631365

4.323925833 4.337082038 4.356929110

1.476283208 7.252655054 4.406278234

-1.399940930 1.432650604 4.373680743

1.374100732 4.407995431 4.274103228

-1.414925107 7.204319639 4.214301398

0.006611298 2.969823742 6.337073160

5.

2.

768112751

.907481195

.915427889

.578818803

. 759687423

.025906284

844406676

2.

2

8.

937927569

.951847231

. 733958219

.816581152

. 788599559

.678774090

650608429

6.

6.

358109484

.398510236

.428689972

.316595935

.323798615

.875350280

539654967

5.813362085 8.630698035 6.530529075

-1.477048004 1.885822350 8.553188940

4.286639176 1.584733977 8.458816484

1.448964862 1.987128415 8.590115677

-0.175340827 4.377577271 8.840865088

5.338104663 4.368859304 8.731226590

2.5525563194 4.370570407 8.793544100

-1.503200671 6.855238484 8.539196713

Au 1.419903521 6.766225948 8.558774617

Au 4.270199851 7.148861423 8.457434688

0 4.349226150 4.400415672 10.731617680

0 3.056505607 4.430231073 10.411410671
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In the first section of this Supporting Information we present details of the mass spectrum
shown in the main article, ranging from 320 amu to 400 amu. Section S2 discusses the change
in the He droplet distribution due to different nozzle temperatures. Mass spectra with all
peaks assigned to molecular structures are provided in Section S3. In Section S4, additional
DFT results are presented for the charged (V2Os),! structures. Section S5 compares the
ionization energies of the neutral clusters. The remaining sections S6 and S7 contain the
minimum energy geometries in cartesian coordinates as obtained at the wB97X-V (gas phase)

or PBE (bulk) level of theory.
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S1 Details of the mass spectra

In Figure S1 we show a detail of the mass spectra presented in Figure 2 of the main article,
zooming into the area between 320 amu and 400 amu. Several peaks appear in close proximity
to the signals assigned to the (V503),, clusters, which can be attributed to the adsorption of
water molecules. For the (V,0s5), signal, an additional peak is visible which corresponds to
a fragment lacking a single O atom. The regular sequence of unlabeled peaks with a spacing

of 4 amu represents the Hey cluster distribution.

T T T T T

T
p VaO1o V300 + HyO

V4049 + O.

+ 1°’/,\1 2 '\ V4019 +2 - H,0
Vow+H0+H |V
1
Wi010 + H,0 + Hy

e V010 + 2+ 0,
Qa0

I
1
A’
{ L7V,050 + Hy0 Hf|He +3-H,0
N
e |

1

il

1 L 1 1 1 1 | 1
320 330 340 350 360 370 380 390 400 410 420
Mass (amu)

Figure S1: Magnified section of the mass spectra in Figure 2 of the main article. All peaks
in direct neighborhood of the (V50s5), signal have been assigned to various contaminants.



S2 Droplet size distribution

In the main manuscript the variation of the nozzle temperature was mentioned as a handle
to control the He droplet size distribution. Figure S2 shows mass spectra as a function of the
nozzle temperature. At lower nozzle temperatures the He droplets increase in size and are
able to collect larger amounts of (V20O3)s units. This in turn enables the synthesis of larger
vanadium oxide structures inside the droplets, and the characteristic pattern of (V20Os),
peaks in the mass spectra is continued towards higher masses. At 14K only dimers are
present, while larger oligomers start to appear at lower temperatures due to the increasing

pickup cross section for the larger He droplets.

Counts (1)

108

P (1T ] i1

0 500 1000 1500 2000 2500
Mass (amu)

10°

Figure S2: Mass spectra obtained for different nozzle temperatures. The temperature of the
V505 crucible was kept constant during measurements.



S3 Fully assigned mass spectra

In Figure 1b of the main article several smaller peaks remained unassigned to avoid cluttering.
A full assignment of the corresponding region is provided in Figure S3, where all peaks related

to vanadium oxide structures are labelled and marked by red diamonds.

Counts (1)

100 200 300 400 500 600 700

Mass (amu)

Figure S3: Same mass spectra as shown in Figure 1b of the main text for 89eV, but with
all peaks related to vanadium oxide marked by red diamonds.

S4 Minimum energy comparison of the cationic species

The same DFT procedure as described in the main article has been applied to the (VoO5)"
cationic cluster species. In Figure S4 a monotonic increase of binding energy per unit can

be observed, without any hint of oscillation with the number n of building units.



Energies per mononomer for (V,0s),;

Size of oligomer

Figure S4: Electronic energy of cationic (V,035) clusters per building unit, plotted as a
function of oligomer size n.

S5 Ionization energies

The ionization energies of the neutral clusters, obtained with the wB97X-V functional, are
plotted in Figure S5. Energies are calculated by taking the difference between electronic
states containing N — 1 and N electrons, evaluated at the minimum energy geometries of the
neutral species. The stabilization of the electronic structure when going from the monomer
to the dimer is significant. It is related to bond saturation and explains the large drop of

binding energy per unit as shown in Figure 3 of the main manuscript.

125

E (eV)

115

11.0

Size of oligomer n

Figure S5: Ionization energies of the neutral (V2Os), clusters, plotted as a function of
oligomer size n.



S6 Geometries of the gas-phase species (V,05),

This section provides the geometries of all neutral oligomeres up to n = 6 as obtained from
fully unconstrained DFT optimizations with the wB97X-V functional. The structures are
given in Cartesian coordinates in units of Angstrom. The formatting supports direct copy

and paste from the pdf document.

S6.1 Monomer

1.out

V -1.98355 0.78849 0.65549

0 -0.63894 0.87368 -0.16184
0 -2.42118 2.19665 1.20104

0 -3.37213 -0.33740 -0.17273
0 -4.51815 -1.95738 1.69715

0 -2.08721 -0.73773 1.89695

V -3.19712 -1.56570 0.95346
S6.2 Dimer

14

2.out

V -2.05392 0.72991 0.68844
V 0.27960 -0.59813 -1.01994
0 -0.53989 0.77564 -0.24302
0 -2.51168 2.10673 1.23949

0 -3.33547 -0.19256 -0.13569
0 1.59105 -0.22800 -1.76283

0 0.42230 -2.00806 0.05929



0 -2.37345 -2.97604 0.16796
0 -4.50534 -1.97209 1.68623
0 -0.40260 -4.30683 -1.31606
0 -2.07857 -0.58489 1.88999
0 -0.83597 -1.61496 -1.96539
V -3.19342 -1.60212 0.94409

V -0.85990 -2.93015 -0.76427

S6.3 Trimer

21

3.out

V 0.21497 -0.23427 -1.47505

0 -1.02193 0.58878 -0.50763

0 0.52144 0.55729 -2.76928

0 0.42392 -3.81520 0.10489

0 -2.25032 -2.87359 0.04351

0 -1.24667 -4.42516 -1.97688
0 -0.34534 -1.86126 -1.87739
V -0.87146 -3.29519 -0.98804
0 1.65462 -0.34721 -0.44626

V 0.72895 -3.41957 1.80600

V 1.81546 -0.35639 1.31920

V -2.31019 -2.35173 1.73694
V -1.22387 0.71004 1.24956

0 1.34984 -4.62580 2.55100

0 1.81282 -2.02678 1.89687

0 -3.57832 -2.89530 2.43822

0 3.11717 0.35590 1.75928

0 -2.28954 -0.58584 1.80473



0 -1.81097 2.08656 1.64449
0 -0.84247 -2.98598 2.50311

0 0.38859 0.48492 1.95149

S6.4 Tetramer

28

4.out

V -2.16635 0.99394 0.32600
V 0.39620 -0.12201 -1.46611
0 -1.14154 0.66318 -1.07520
0 -2.60731 2.47773 0.34987
0 -3.58328 -0.06548 0.41300
0 0.96086 0.47799 -2.77510
0 0.04925 -4.22792 0.07977
0 -2.05903 -2.38260 0.01033
0 -4.76681 -2.51969 0.42461
0 -1.51087 -3.99238 -2.14156
0 -1.20075 0.57806 1.74114
0 0.13549 -1.86011 -1.67996
V -3.48016 -1.77671 0.85944
V -0.85324 -3.16347 -1.01154
0 -3.16047 -2.02450 2.57971
0 1.55033 0.14742 -0.15078
V 0.54688 -3.73532 1.70690
V 1.98069 -0.54610 1.41682
V -1.82331 -2.46824 3.65195
V -0.31362 0.46240 3.26006
0 1.67041 -4.66523 2.22610

0 1.10751 -2.07382 1.52442



-2.39126 -3.06750 4.95984

3.51098 -0.75236 1.52744

-0.86488 -1.02890 4.03185

-0.57741 1.68551 4.17160

-0.79688 -3.66916 2.85271

1.39291 0.41047 2.78712

S6.5 Pentamer

35

5.

\Y

0

0

out

0.85129 -0.44827 -2.07493

2.03293 -0.14461 -3.02634

-0.12971 -3.92028 0.27099

-0.37366 -4.67934 -2.32893

0.66050 -2.19985 -1.92994

-0.46403 -3.44880 -1.39380

1.20114 0.21329 -0.47231

0.12084 -3.22620 1.87845

0.79307 -0.01503 1.22680

-2.97571 -2.08120 2.81642

-2.15678 0.96934 2.56969

0.96540 -4.20041 2.73362

0.99846 -1.70172 1.70110

-3.93230 -2.86578 3.74571

1.67094 0.89721 2.11796

-2.75461 -0.44734 3.45176

-1.56162 1.98880 3.57070

-1.42900 -2.91750 2.65853

-0.92028 0.35487 1.46861

10



-2.76101 1.72552 -3.58135

-4.82826 2.65620 -0.55484

-2.38484 0.50096 -2.71343

-0.63781 0.24733 -2.71090

-4.18510 1.37679 0.03252

-2.94779 0.72846 -1.05028

-3.42647 1.71682 1.59416

-3.23463 -0.92553 -3.31687

-5.41511 0.11352 0.18047

-3.52505 -2.44632 -2.45355

-5.16915 -1.63693 0.25963

-4.89944 -2.31991 -1.34992

-2.07662 -2.72620 -1.48308

-3.70149 -1.88063 1.21391

-3.74552 -3.58716 -3.47592

-6.39342 -2.29876 0.93673

S6.6 Hexamer

42

6.

\Y

out

0.90449 -0.48967 -2.00621
-2.14110 2.05098 2.86309
1.74778 -0.02344 -3.21768
-0.00077 -4.08431 0.08290
-3.80106 -2.07983 3.45222
-0.14084 -4.75020 -2.54796
0.77121 -2.25127 -2.01673
-0.32604 -3.56260 -1.57256

1.65801 0.04885 -0.50273

11



V 0.28008 -3.34541 1.66200

V 1.51858 -0.27483 1.22768

V -2.05838 -2.11199 3.73552

V -0.82392 0.96046 3.30367

0 0.82945 -4.40187 2.65112

0 1.43440 -2.01697 1.50833

0 -1.73179 -3.05117 4.92187

0 2.73785 0.31536 1.97681

0 -1.47442 -0.48242 4.08839

0 0.15867 1.67673 4.26163

0 -1.22441 -2.64804 2.27267

0 0.01505 0.41632 1.84696

0

0

.49837

.50756

.19069

.05698

. 73126

.73994

.35435

.15306

.54897

.91221

.64417

.41989

.29012

.96501

.58625

.80837

.96681

1.09007 -4.55826

3.27493 2.32815

3.03590 -1.29141

0.52483 -3.22985

1.95505 2.10137

0.14834 -2.11353

1.73686 -1.19546

1.69444 -2.48905

1.63158 0.37377

-0.98943 -3.54082

0.60400 2.78123

0.33307 -1.31705

-2.54631 -2.79631

-1.11618 2.53830

-1.33474 -0.75869

-2.43344 -1.90148

-2.91649 -1.68554

12



0 -4.77844 -1.43207 0.80989

0 -3.40061 -3.63433 -3.89186

0 -6.40507 -1.44777 2.99922

0 -7.08644 -1.69009 -0.61996

13



S7 Bulk structures

This section provides the bulk structures as obtained from fully unconstrained DFT optimiza-
tions with the PBE functional; see main manuscript for details. We present the undisturbed
structure, the structure with one unit removed, and the structure with two units removed.
All geometries are given in Cartesian format in units of Angstrom. Supercell dimensions z,
y and z were set to 22.741 A, 10 A, and 10.710 A, respectively. The formatting supports

direct copy and paste from the pdf document.

S7.1 Unperturbed plane

84

.236201593 2.983430440 2.064976999
.236083242 2.981816470 5.634878377
.236395637 2.981891099 9.204135055
.413247001 1.626961493 0.280567361
.413385231 1.626306315 3.849796577
.413362822 1.625146837 7.419837347
.895491534 1.591168989 0.280257560
.895450629 1.590298672 3.849648302
.895364431 1.589304583 7.419742232
.073364076 2.936400426 2.064915898
.073508938 2.934748366 5.634828035
.073227632 2.935180518 9.204028853
.820918958 2.537922370 2.065758908
.821032425 2.536403058 5.634142654
.8209562403 2.537282380 9.203364317
.158773569 2.038586132 0.281133483
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7

.158851396

.158769084

.354565999

.354330888

.3556133510

.296907674

.297007644

.297289182

.986759061

.986471857

.986214044

.946913560

.947020504

.946395056

.548512236

.549102347

.548729288

.098736108

.098259424

.098988837

.216165436

.216576190

.215701970

.765984743

.765570002

. 765875028

2

.037884239

.037155127

.558781200

.557178119

.557198784

.0561339222

.050716190

.049519705

.013660518

.012703977

.011766184

.511244157

.509620538

.509945293

.4343563211

.434103485

.431680043

.177780763

.174969755

.175442666

.131067939

.128345771

.129414727

.381229926

.380563213

.378311436

7.

.850428068

.418542400

.065081364

.63569562557

.202172527

.282202758

.848523244

.420031125

.281302083

.848150114

.419973758

.065012078

.635656478

.201865020

.279883504

.849858699

.419615881

.065176247

.634860680

.204889591

.065082310

.634798908

.204752635

.279771289

.849835497

419631857

17.236471013 1.896116277 0.279183625

13.786334237 1.859726664 0.279326092

19.138329001 2.600545632 0.278744756



17.

15.

13.

11.

19.

11.

21.

19.

17.

13.

11.

17.

18,

19.

17.

15.

13.

11.

19.

11.

21.

19.

17.

13.

11.

17.

13.

19.

17.

286916353

505815714

764721022

876847087

489133472

532336429

199207119

488667640

574515184

442395362

541235654

236240386

786570385

137616103

286226557

505817471

765474405

877481625

489253019

532340224

199179938

489098922

574799193

442204003

541066190

236386659

786522518

137951215

286633254

.316976199

.372763915

.280015730

.542337871

.119891955

.069907347

.580165660

.699699007

.436820034

.391757846

.649857571

.895691438

.8569396311

.600353845

.316520675

.372932639

. 279658696

.542293174

.118394553

.068585179

.578414744

.698257133

.434316282

.389499440

.648544845

.894412301

.858156574

.598193050

.315261868

.280444597

.279849748

.280527068

.278732165

.063768693

.063623809

.065693239

.063845001

.063903144

.064009172

.063264499

. 848548396

.848741988

.848771044

.847234792

.849065297

.847573841

.848793631

.633664308

.633595977

.633738129

.634576794

.633697690

.633813729

.634186358

.418608689

.418786593

.418544725

.418756362
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15.

13.

11.

19.

11.

21.

19.

17.

13.

11.

505873904

765113293

877270667

489087530

532585131

199268839

488540990

574136333

442962710

S7.2 One

77

.237822914

.254063309

.254280773

.390477013

.380562304

.393454452

.887348998

.873895486

.884939016

.043200286

.116396691

.155933196

.843439449

.905734239

. 735375822

2.

.371443232

.278434854

.540143861

.118486045

.068694054

.579024302

.698313783

.434901574

390087921

9o

9o

.417231303

.418970606

.418606652

.202993883

.202905123

.203077071

.201107071

203671803

203775207

541922060 4.648692577 9.200844706

unit removed

.979406333

.983074603

.981287096

.628414302

.622866063

.623761537

.601523206

.605355188

.599488892

.914663647

.885419605

.956732310

.546324954

.486288760

.610902583

.067065634

.637867285

.202296357

.283980673

.851456798

.420496731

.272628445

.864545959

.419862749

.061118389

.659362263

.196339942

.017099683

. 762603855

.152611632

17



7

.092179334

.086429316

.092566340

.308593990

.314609244

.316201377

.239623259

.236699045

.241227288

.960566202

.948211849

.957784635

.933183122

.969435212

.026145779

.492892028

.489730220

.501659136

.039788234

.048439735

.049371549

.139011137

.146740963

.106094836

.724911709

. 781285950

.716686642

2

.034039911

.020790136

.028816308

.5563046892

.5566708822

.5565202043

.050758291

.045283745

.046638781

.025635016

.028756726

.023840217

.489847409

.456022727

.560997599

.469600734

.455410663

.454891276

.206878902

.209491668

.198136885

.179383980

.178352705

.073152997

.355847481

.341682088

.340075049

7.

.303114644

.851162447

.398638350

.073496842

.634616763

.196164528

.289469153

.853834986

.414677183

.294982162

.855001897

.405279226

.067123574

.639638252

.193068524

.282923385

.851210066

.420439757

.067232524

.633762479

.206503813

.097314984

.612349930

.203464313

.322647080

.864854958

378008954

17.161773328 1.942691478 0.274483219

13.774978077 1.889439813 0.567442645



19.

17.

15.

13.

12.

19.

11.

21.

19.

17.

13.

11.

17.

131,

19.

17.

15.

13.

11.

19.

11.

21.

19.

17.

18,

11.

17.

19.

17.

076790057

280760402

464339441

700097020

1956664751

516703586

534907303

164442047

576694845

573585215

599630510

565659890

220779126

771880179

098155038

318810714

538654901

771758240

863431458

552571170

558265569

195068139

588609667

440738343

213659467

635568644

592148049

353023874

355517445

.611757532

.365147583

.439270607

.320953289

.585463119

.085055079

.045680956

.500951234

.664412891

.442467881

.404342542

.625138103

.906895080

.888231000

.599733000

.324642534

.390402830

.306933646

.537891651

.096886028

.043917452

.524819331

.676682284

.526951064

. 323966686

.617913055

.879230459

.407150478

.319546463

.241347034

.280536981

.112517469

.309322423

.164078739

.049886104

.846863761

.061401468

.066188456

.046758374

.245364565

.961174367

.831604909

.099471489

.872839842

.853859659

.903520818

.993288023

.711131192

.598024826

.399755660

.626502061

.636801003

.737637913

.T74723096

.613986499

.412496394

.418514686

.409796464

19



V 19.552313139 3.093422405 9.233108839

0 21.195713766 2.519261440 9.210590289

0 19.584838076 4.672890864 9.187049804

0 17.435906443 2.522152010 9.091983760

S7.3 Two

70

.212492288

.225827489

.224714143

.411883683

.352740438

.459342115

.892595301

.835375459

.040075813

.012332165

.828623640

.861168473

.182845843

.122512274

.028403359

.291077928

.299343322

.300695022

.2222191883

.220615442

.269799194

.988605214

.989019229

.983281684

.635030560

.619412839

.598559597

.641949175

.621656943

.914478302

.880679322

.538510570

.494630141

.056597500

.027475259

.978034440

.561170212

.560016083

.554291925

.0568171758

.036168036

.001220827

units removed

.060326026
.652658786
.190162706
.271802155
.854507679
.425372642
.496029386
.025577405
.893122592
.427964738
.060730716
.807055370
.219816843
.851765789
.444323600
.077903526
.633924365
.192026354
.294426573
.857805884

.412462024

20



7.

17.

13.

19.

17.

15.

13.

12.

19.

11.

21.

19.

17.

13.

11.

17.

.981790324

.948622783

.921155041

.885036845

.462002646

.460559129

.433483347

.069691520

.048170259

.051238194

.126214988

.377513632

.559169295

812283867

750469959

138736353

341219462

508200828

761019049

094151243

561880485

522287478

204093662

581454905

607991507

544911844

553472600

264531281

2

.076368641

.048921274

.485161600

.446344143

.428729484

.420094634

.482770291

.205708297

.226828474

.215118219

.141283170

.180870557

.381169006

1.

395803881

910372380

.568067202

.345228330

.405284667

.344796299

.527742292

.104897801

.045359782

.505613173

.688220372

.440287273

.402744941

.622388374

.898020664

3.

.280237858

.887182195

.034678438

.645965992

.289704994

.836747986

.419767257

.061480150

.586620491

.260042608

.196234016

. 717402933

.220668974

736220554

200072872 1.918440699 0.293493618

.523607496

.250904540

.292505437

. 182863846

.275734622

.194646995

.056745798

.910207136

.067975651

.073947549

.055064802

.201442237

.037050492

.828970304

21



131,

19.

17.

15.

13.

11.

19.

11.

21.

19.

17.

18,

11.

17.

19.

17.

19.

21.

19.

17.

818722214

144114528

342243223

572029969

799169451

850629599

577046573

534927387

209825844

586277263

483157551

304773384

587435039

550474415

264529867

322955030

576601089

208213840

584333871

480251888

.900397347

.562507664

.322095613

.385500372

.3256814154

.540426211

.109745959

.014995607

.509536098

.691806997

.475703696

.401764810

.586856851

.899280061

.479981689

.340388863

.104266785

.509844213

.686172608

.466028869

.047513542

.865363823

.850861838

.8569920563

.892281881

.730126818

.589155834

.439251539

.631379690

.634196280

.687125313

.706123405

.643505725

.418526751

.412917334

.407144516

.244371520

.193832650

.184590476

.143780376

22
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1 EELS Analysis

Figure 1 shows a comparison between an EEL spectrum (black, normalized to the L2/L3 peak
maximum) of the deposited nanoparticles and literature spectra taken from Ref. 1. The EEL
spectrum represents the mean over 5 selected nanoparticles, a background obtained from an
area that does not contain a nanoparticle has been subtracted. The background corresponds
to an oxygen feature originating, presumably, from a contamination of the carbon TEM
grid. Note that the same measured EEL spectrum is plotted for all four cases. The shown
spectrum features the region containing both the V L-edge at 513eV (L3 2ps/2) and 521eV
(L2 2p1/2) as well as the O K-edge at 532eV (K 1s). As described above, the resolution
in our experiment is lower than in previous bulk experiments where typical reported values
are around 0.5-1eV.? In order to account for this difference we convoluted the literature
spectra with a Gaussian function such that the gap between the L2 and L3 peak matches
our experimental spectrum. The employed FWHM of the Gaussian varies and lies between
1.4 and 2.4eV. In addition to the convolution the literature spectra have been red-shifted
by 0.75eV.

To determine the oxidation state of vanadium oxides from EEL spectra, two characteristic
O 1s pre-edge peaks located around round 530eV serve as fingerprint features. They are
associated with transitions into unoccupied to, and e, energy levels, which emerge from a
hybridization of V 3d and O 2p orbitals. However, from the modified literature spectra
in Figure 1 it becomes obvious that the oxidation state can not be identified in the case
of our nanoparticles because the characteristic features are blurred and appear only as a
high-energy shoulder due to the relatively low energy resolution. Furthermore, even though
the 1.2/L3 peak ratio is approximately 1 in the recorded EEL spectrum, suggesting a higher
oxidation state such as V503,13 the limited resolution demands care and we refrain from
taking this as a definite evidence for a V505 stoichiometry.

Based on the above discussion we conclude that EELS as the standard method in transmis-

sion electron microscopy for the identification of oxidation states is not sufficiently sensitive



in the case of our deposited nanoparticles. However, the results would agree with V5,05 as
possible stoichiometry but for a confirmation additional methods have to be employed, which

are presented in the main manuscript.

vo
V04
Vo,
V05
particles

Intensity (arb.u.)

510 515 520 525 530 535 540 545 550
Energy Loss (eV)

Figure 1: EEL spectrum normalized to the L2/L3 peak maximum obtained by averaging
over 5 different nanoparticles (black) and compared to literature reference spectra for V,Os5
(blue), VO, (green), V503 (red) and VO (purple) taken from Ref. 1. The literature spectra
have been convoluted by a Gaussian function in order to match the energy resolution.
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