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Nanoparticles constitute fundamental building blocks required in several fields of application with
current global importance. To fully exploit nanoparticle properties specifically determined by the size,
shape, chemical composition and interfacial configuration, rigorous nanoparticle growth and deposition
control is needed. Gas-phase synthesis, in particular magnetron-sputtering inert-gas condensation,
provides unique opportunities to realise engineered nanoparticles optimised for the desired use case.
Here, we provide an overview of recent nanoparticle growth experiments via this technique, how the
latter can meet application-specific requirements, and what challenges might impede the wide-spread
adoption for scalable industrial synthesis. More specifically, we discuss the timely topics of energy,
catalysis, and sensing applications enabled by gas-phase synthesised nanoparticles, as well as recently
emerging advances in neuromorphic devices for unconventional computing. Having identified the
most relevant challenges and limiting factors, we outline how advances in nanoparticle source
instrumentation and/or in situ diagnostics can address current shortcomings. Eventually we identify
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common trends and directions, giving our perspective on the most promising and impactful applications

rsc.li/pccp of gas-phase synthesised nanoparticles in the future.

nanoparticles by suitably fine-tuning a number of deposition
parameters.

1. Introduction

Gas-phase synthesis of nanoparticles is a term that describes
nanoparticle fabrication via nucleation and growth from a
supersaturated atomic vapour which can be generated by
various physical methods. It provides a solvent- and effluent-
free technique to design monodisperse multifunctional nano-
particles with bespoke characteristics that can be subsequently
soft-landed on or embedded in a desired substrate or device
under ultra-high vacuum. Further, it is a versatile technique
where one can satisfactorily control the physical structure
and the chemical composition and ordering of fabricated
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Availing such possibilities, gas-phase synthesis has gained
significant traction within the field of nanoparticle engineer-
ing. With magnetron-sputtering inert-gas condensation having
been introduced almost three decades ago,' the field is now
well past its infancy, with numerous groups around the world
obtaining or custom-building their cluster sources and deposi-
tion apparatuses, and engineering increasingly sophisticated
nanoparticles (for example, utilising He nanodroplets for
size-selected core-shell-(shell) particles>®) of technological
relevance (for example, in catalysis®). To manifest its coming-
of-age, a subject-based textbook was published in 2017, with
contributions by some of the pioneers and main current key
players in the field.> Two recent reviews on the subject, one by
an author of the current perspective® and one by the group at
Castilla la Mancha’ focused on the growth of multi-elemental
nanoparticles from a computational and an experimental view-
point, respectively. Another two reviews by the Swansea group®
and Teer Coatings,’ on the other hand, focused on the techni-
que’s potential for catalysis and sensing applications.

With the current perspective, we aspire to provide a selective
update on advances in the field; hence, for the most part we
limit our bibliography within the past five years. Even as such,
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we do not provide a comprehensive review of what has happened
within this period; instead, we distil recent literature and try to
identify current challenges and corresponding developments
that, in our opinion, formulate trends and determine directions
for the near future. For example, while computational studies
of the past decades primarily focused on the nucleation &
growth processes,"®™'® recent research is mostly zooming in
on the fluid dynamics of the nanoparticle beam flow. Of course,
several studies on the latter subject had been published before
the examined period;'”™"° however, it appears that this recent
thrust is in full concord with simultaneous instrumentation
advances in order to help resolve the very current challenge of
limited nanoparticle yield (for example, see discussion on,*
below). In parallel, intense research over the past five years
revolved around improving precision in structural control (down
to the atomic level) predicted by atomistic simulations,”* obtained
by source upgrades,” and assessed by in situ diagnostics;”
therefore, these are the main themes of this perspective, with
emphasis on the magnetron-sputtering inert-gas condensation
technique.

2. Current application challenges
(a) Sensing

Research on nanoelectronic sensor devices employing gas-
phase synthesised clusters and particles has been centred
around strain sensing as well as chemical sensing of gaseous
and bio- molecules. For a detailed review that also includes
a broader scope of synthesis techniques, the reader is referred
to reference.”* Here, we discuss selected recent examples
emphasising specific aspects related to magnetron-sputtering
inert-gas condensation. In general, two types of device config-
urations incorporating gas-phase synthesised nanoparticles
can be distinguished: nanoparticle thin film assemblies and
nanoparticle-decorated materials. While in the former case
nanoparticles are responsible for sensor receptor as well as
transducer function, in the latter case they only take on the role
of the receptor, relying on other base materials for the trans-
ducer function. Most commonly, this results in different
requirements and limitations related to the utilised nanoparti-
cle synthesis method.

Considering strain sensing, nanosensor devices can be con-
structed in a straight-forward manner by direct nanoparticle
deposition onto pre-defined electrode contacts. The mechan-
ical strain is transduced into a sensor signal via the electrical
conductance of the nanoparticle film; to maximise sensitivity,
it is highly advantageous to realise a nanoparticle layer close
to percolation threshold. In this regard, magnetron-sputtering
inert-gas condensation offers excellent opportunities due to the
high level of nanoparticle coverage control by adjusting the
deposition time, potentially with in situ electrical percolation
monitoring. The significant potential of this approach was
recently demonstrated in, for instance, Chen et al.>® An ultra-
high resolution pressure sensor was manufactured based on Pd
nanoparticle layers on flexible PET membranes, resulting in a
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barometric altimeter with around 1 m resolution capable of
detecting floor elevation inside a building elevator.

In the fields of chemical and bio-sensing, the particular
appeal of employing gas-phase synthesis of nanoparticles
stems from the solvent-free, “dry”’ deposition method that
reduces surface contamination to a minimum. Analogous to
strain sensing, nanoparticle films above the percolation limit
can be used to transduce surface reactions into electrical
signals. In particular, the sensor performance can be signifi-
cantly enhanced via controlling the shape and morphology of
the individual nanoparticles within the assembled layer.>® Such
a combination of capabilities offered by magnetron-sputtering
inert-gas condensation is rather unique to gas-phase synthesis
methods. On the other hand, surface decoration/functionalisa-
tion of a conductive base material with gas-phase synthesised
nanoparticles constitutes a highly attractive alternative to thin
film-based devices. In this way, the sensitivity and selectivity
of chemical and biosensors can be deliberately tuned via the
nanoparticle interfaces by the choice of nanoparticle size,
shape/morphology, chemical composition as well as degree
of surface coverage and implantation level, while alleviating
high nanoparticle yield requirements due to sub-monolayer
coverages. Recent experimental work shows sensor property
enhancements via nanoparticle decoration of thin films,>”
nanoribbons,”® two-dimensional materials,*® and suspended
nanowires,’® including ultrasmall size-selected nanoparticles®
as well multi-component alloyed particles®® with complex
morphologies.*’

(b) Catalysis

Synthesising materials ranging from nanoparticles tens of nm
in diameter down to single-atom sites and controlling their
interactions with their support have been the central theme in
heterogeneous catalysis®® with a view to enabling gas- and
liquid-phase catalytic reactions (including photocatalysis
and electrocatalysis).>® Arguably the most potent feature of
magnetron-sputtering inert-gas condensation for catalysis
applications is rigorous mass (size) selection of the deposited
clusters and nanoparticles, given the cluster source is typically
coupled to a mass filter.

Recent literature has demonstrated that such a capability
can be used for realising excellent model systems for funda-
mental studies of catalytic processes, eventually leading to the
development of enhanced catalyst materials. The oxygen evolu-
tion reaction in alkaline media was studied by Roy et al,*
elucidating the fundamental properties of NiFeO,H, catalysts
and the impact of nanoparticle size. The oxygen evolution
reaction in acidic media was investigated by Zheng et al
utilising iridium-tantalum oxide catalysts with low noble-metal
loading,*® demonstrating enhanced activity for cluster sizes
below 2 nm. By relying on mass-selected Pt nanoparticles as
model system for hydrogen evolution reaction in acidic media,
Hansen et al. emphasised the importance of measuring intrin-
sic catalytic activities (turnover frequencies) to assess limiting
processes and compare the catalytic activity of materials.®”
Recently, Valtera et al. reported the controlled deposition of
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copper atoms and clusters containing 2-7 atoms and showed
the remarkable catalytic activity of titania-supported copper
tetramers as opposed to other cluster sizes and supports.*®

These selected examples illustrate why mass selection
during gas-phase nanoparticle deposition constitutes a most
powerful tool for engineering new catalyst materials and under-
standing their properties. In addition, gas-phase synthesis has
been used for the synthesis of bimetallic catalysts® as well as
for the realisation of nanostructured supports,’® validating
further opportunities of the technique in this field. Despite
such promising prospects, however, most real-world applica-
tions will remain out of reach due to low nanoparticle yield - a
major limitation that needs to be particularly considered in the
catalysis context.

(c) Energy

In energy-related applications such as solar energy conversion
and energy storage, gas-phase synthesised nanomaterials have
been widely employed (for a detailed review focusing on chemical
vapour deposition and aerosol synthesis, see reference*!), availing
of tuneable properties along several lines. For the case of inert-gas
condensation of nanoparticles, mainly three directions were
recently investigated: first, materials for hydrogen storage
have been devised, which, similar to sensing and catalysis
applications, rely on the solid-gas interactions of engineered
nanoparticles. For instance, Kumar et al fabricated size-
selected Pd nanoportals on underlying Mg films and, having
used Density Functional Theory (DFT) calculations for the
proof-of-concept, investigated the hydrogen flux through the
nanoportals*> (the same simple concept was utilised later for
single-nanoparticle electrochemistry*®). Second, tailoring opti-
cal properties via the integration of nanoparticles was proposed
for solar thermal collectors, which promise >90% light energy
absorption,** as well as perovskite-**> and silicon-*® based solar
cells. These demonstrations showcase how the high degree of
deposition parameter control during nanoparticle inert-gas
condensation can be utilised for fine-tuning plasmonic absorp-
tion properties. Third, nanoparticle gas-phase deposition was
recently utilised by Haro et al.*”*® to construct Si-based anodes
for lithium-ion batteries. In that study, the nanoparticles were
used as a scaffold that was instrumental to fabricating a
specific arched nanoarchitecture of amorphous Si with opti-
mised mechanical properties. Just like the aforementioned case
of nanoparticulated Pd nanoribbons,*® a shadowing effect was
used to fabricate a sculptured thin film; a concept that, in our
opinion, has not been exploited to its full capacity from the
gas-phase synthesis community yet.

(d) Memristive devices and neuromorphic computing

Over the past two decades rapid advances in Machine Intelli-
gence (MI) methods have made them ubiquitous components
of our everyday lives. Powerful MI tools such as Artificial Neural
Networks can perform complex tasks (e.g., image or speech
recognition) much faster and more efficiently than conven-
tional computational methods. However, the von Neumann
architecture of conventional computers was not optimized for

This journal is © the Owner Societies 2023

View Article Online

Perspective

MI algorithms. This means that typical hardware upgrades
cannot keep up with the ever-increasing requirements of
massive MI algorithms. In addition, traditional computers are
remarkably inefficient in terms of energy consumption when
processing power-hungry data required for MI applications;
a major shortcoming related to climate change issues which
will only become more urgent as algorithms grow in size and
complexity. As a result, new unconventional computation para-
digms have recently emerged.

Neuromorphic computing (or engineering) is such a new,
promising paradigm based on integrated brain-like systems
comprising electronic circuits that mimic neuron function in
performing computations. MI methods are expected to greatly
benefit from neuromorphic computing, and various schemes
are currently being investigated as potential candidates for
the required hardware.”® Due to the particular interest in this
emerging field within diverse research communities, we aim at
providing a more general introduction to the general principles
in this topical area, facilitating the link with cluster-assembled
device technology.

A device that has attracted strong attention as a primary unit
for such systems is the memristor,>® a two-terminal structure
that exhibits resistive switching, i.e., resistance tuning based on
external stimuli such as voltage. Resistive switching can result
in nonvolatile states where the device ‘“memorises” the resis-
tance state even after stimuli actions cease and can be, thus,
used for writing/reading and storing information. As of today,
the most popular configurations for building neuromorphic
hardware based on memristors are (i) crossbar arrays,” which
offer the possibility for training an artificial neural network
(ANN) locally on the array thus saving time and energy;
(i) spiking neural networks (SNN),>> which mimic neuron-
synapse relationships to directly process information upon the
arrival of binary events (spikes); (iii) and reservoir computing,”
which involves “reservoir” systems with short-term memory
properties that can map inputs (mostly temporal signals) to
high-dimensional systems using non-linear dynamics, resulting
in decreased computational requirements. However promising
these approaches are, memristive systems still need to address
numerous challenges*’ to achieve superior efficiency and speed
compared with conventional hardware. Especially problematic
seems to be the (re)programming of memristive devices, as well
as the cycling endurance and reconfiguration of their proper-
ties beyond certain use.>*

An exciting new direction emerged with the development
of supersonic cluster beam deposition (SCBD),” which enables
the incorporation of nanoclusters into films and devices,
with promising recent findings for implementation in neuro-
morphic computing. Specifically, the resistive switching on
cluster-assembled thin films was demonstrated by Brown and
co-workers>>® on nanoparticulated films fabricated via SCBD
close to the electrical percolation threshold, i.e., the condition
where a fully connected network of nanoclusters starts forming
(Fig. 1a). The resistive switching behaviour was attributed to
the stochastic formation and destruction of nanojunctions
(filament formation) between neighbouring clusters leading
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(a) Conductivity as a function of nanoparticulated film thickness, demonstrating clearly non-ohmic behaviour near the percolation threshold (see

insets, above). (b) Resistive switching mechanism in cluster-assembled films beyond the percolation threshold. Different colours signify regions of
different crystalline orientation. (c) Schematic representation of a receptron implemented through a nanoparticle-assembled film, developed in ref. 65.
(@ and b) reproduced from ref. 66; (c) reproduced from ref. 65, all under https://creativecommons.org/licenses/by/4.0/ (CC-BY 4.0).

to conducting pathways of various lengths under the effect of
applied voltage. This behaviour, recently investigated in depth
via Ag nanoparticle networks,” strongly resembles neuron firing
signals, exhibiting brain-like long-range temporal correlations
that are similarly measured in the cortex.® Consecutively,
Vahl et al.>® demonstrated the resistive switching property of
individual Ag-Au and Ag-Pt alloy nanoparticles embedded in a
thin SiO, matrix by using the non-invasive conductive atomic
force microscopy (C-AFM) technique. The flexibility of gas-
phase synthesis allowed for controlled fabrication of nano-
alloys, in order to limit the filament formation for acquiring
reproducible switching characteristics. At the same time, limited
filament formation contributed to the stability over many opera-
tion cycles. Remarkably, for the case of Ag-Pt thin film stack, the
I-V measurement revealed resistive switching and a clear hyster-
esis loop even after 70 cycles (2 days) of constant “SET” and
“RESET” applied voltages, despite the morphological alteration of
the film’s surface. In addition, reliable resistive switching in
multi-stacks of Ag-Au and Ag-Pt (5 layers alternating with thin
films of SiO, of 2 and 4 nm, respectively) was demonstrated over
multiple consecutive cycles with similar voltage values as the
individual particles’ case. This clearly indicates the upscaling
capability from the single nanoparticle level to multi-stack device
with maintained electrical characteristics.

900 | Phys. Chem. Chem. Phys., 2023, 25, 897-912

Very recently, resistive switching on Au cluster-assembled
films was also observed beyond the percolation threshold
accompanied by a non-ohmic behaviour.®® One would expect
that as the thickness of the film increases beyond the percola-
tion threshold the film should become more uniform and
exhibit metal-like ohmic properties similar to the bulk mate-
rial. However, cluster-assembled films have a very high number
of grain boundaries due to the clusters widely maintaining
their individual morphology, and, as a result, the electronic
band structure is significantly modified, which seems to lead to
very interesting and unexpected electrical and structural
properties.®’ The complex resistive switching in films beyond
the percolation threshold is schematically explained in Fig. 1b;
different colours indicate different crystalline orientations.
As current flows through a region with random grain arrange-
ment (1) there is local heating due to the Joule effect. This
heating increases grain mobility, leading to rearrangement and
reorientation of the grains which, in turn, leads to elimination
of defects and/or grain sintering; thus, local resistance is
decreased (2). Due to the decreased resistance, there is higher
current density flowing through the structure, which causes
even higher temperature increase and, thus, electrical connec-
tion breakdown between grains, leading to abrupt increase
of resistance (3) and decrease of current density. The current
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density decrease allows for new electrical connections to form,
leading back again to state (1). For a detailed study of the
filament breakdown due to Joule heating, the reader is encour-
aged to look at the recent work by Wu et al,* based on
molecular dynamics (MD) simulations. This dynamical recon-
figuration creates the resistive switching and the spiking beha-
viour that is observed in ref. 61 for cluster-assembled films
beyond the percolation threshold and can be easily tuned
with external applied voltage based on the desired properties.
An interesting parameter to be explored in such configurations
of cluster-assembled films beyond the percolation threshold
is the shape of the clusters. For nanocubes,”® for example,
boundaries and defects could have a different effect on the
resistive switching due to the nanocubes’ different filling factor
and higher level of asymmetry, which would potentially give
rise to a completely new behaviour. Further investigation
showed that this dynamical reconfiguration of the clusters is
fully reversible, and the resistive switching can even be
observed at temperatures as low as 24 K,** while it can also
be modified with heating or cooling. Surprisingly, this cluster-
assembled film exhibits negative temperature coefficient of
resistance, which is not a characteristic of bulk metals. This
was potentially attributed to the coexistence of space charge
limited conduction and Coulomb blockade phenomena.

The applicability of cluster-assembled films for performing
neuromorphic computations was demonstrated very recently
with the fabrication of a proof-of-principle device based on a
generalised perceptron model called receptron.®® As shown in
the schematic illustration of Fig. 1c, a receptron-based device
consists of a multielectrode configuration interconnected with
a Au cluster-assembled film beyond the percolation threshold.
By applying an initial voltage between two electrodes, e.g., 1-C,
resistive switching behaviour across the film is triggered, lead-
ing to a certain configuration of conducting pathways while
certain channels are ‘“disabled” due to very low conductance
(in the exemplar case, any channel having the B electrode as
output). This way any input signal can be mapped in one of the
two electrodes A or C, the equivalent of states 0 and 1, with the
device acting essentially as binary classifier. When the input is
binary the device can generate Boolean functions. This beha-
viour is based on the very high number of nanojunctions
formed beyond a certain applied voltage-stimulus. The advan-
tage of the receptron device is that the correct “weights” of the
network need not be known a priori, which was the case for the
perceptron model in typical ANNs, but instead are being
determined based on the external stimuli-input. Once again,
with a careful design this can result in a very efficient device for
computational methods based on neuromorphic engineering:
the question, however, remains whether a scalable device with
extremely high numbers of input values can be fabricated and
how large a resistive switching activation voltage it would
require. For more technical details and remarkable findings,
the interested reader is encouraged to study recent works in the
topic.®*%

With this exciting, new field opening up, a plethora of new
ideas is generated leading the current state-of-the-art towards
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disruptive technology applications. Vahl et a
prototype of a memsensor device, consisting of a memristive
switching part and a sensing part, which can more accurately
resemble biological systems that act upon sensing external
stimuli. A memtransistor (three-terminal device) was also fabri-
cated by Zhai et al.®® with the perspective to mimic neurosy-
naptic functions, offering better control (due to the third
terminal) over the “learning” and “forgetting” stages of neuro-
morphic computing. Simultaneously, the first real-life neuro-
morphic applications have found their way into the health-care
sector, with on-chip sensing of chronic obstructive pulmonary
disease (COPD) from saliva samples.®® These applications
though not yet based on cluster-assembled devices, are within
the scope of gas-phase synthesis, especially given its suitability
for sensing devices, as shown in the relevant section above.

3. Instrumentation development
responses

(a) The need for yield: towards scalability in gas-phase
synthesis of nanoparticles

With current nanotechnology applications becoming increas-
ingly demanding in nanoparticle complexity and/or uniformity,
even significant reduction in product mass is a price researchers
are often willing to pay in order to gain good control of nano-
particle shapes and sizes. However, low material yields in research
laboratory cluster sources prohibit the utilisation of gas-phase
condensation techniques for massive nanoparticle production,
an essential prerequisite for technology upscaling and adoption
by industry.”® To make things worse, fabricated nanoparticles may
go astray prior to their deposition, either by redeposition on the
target or by decoration of the aggregation chamber walls,"® high-
lighting the method’s wastefulness of materials. Related to this
concern is also the inefficient utilisation of sputter-target material.
In standard magnetron sputtering all sputtered matter comes
from a circular-ring area of the target, concentric with it, due to
the geometry of the plasma adjacent to the target. During
sputtering a circular groove is formed while target material is
consumed. As a result, typical values of the overall sputtered
material of a fully used target do not exceed 5-10% of the total
target mass. Clearly, innovations in instrumentation are required
which focus on any of the nanoparticle deposition steps, i.e., the
nucleation, growth, or transport; this is the subject of this section.

Source instrumentation. Starting with the former two steps,
one direction of recent attempts to enhance the nucleation and
growth involved manipulating the magnetic field of the magne-
tron gun. Using the very simple concept of linearly displacing
the magnetic circuit with respect to the target (Fig. 2a), Vaidu-
lych et al.”* managed to adjust the intensity of the magnetic
field near the target surface (within the range 35-85 mT) and
its corresponding efficiency in electromagnetic trapping of Cu
nanoparticles nearby the target. As a result, when a sufficiently
high flux of carrier gas was introduced in the condensation
chamber, nanoparticles could escape more easily, with the
resultant fivefold increase in deposition rate.

Phys. Chem. Chem. Phys., 2023, 25, 897-912 | 901
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Fig. 2 (a) Schematic representation of magnetron with an adjustable magnetic field. (b) Top row: Surface images illustrating differences in use between
targets in standard magnetron (5%) and in an FFE magnetron (20%) Middle row: Corresponding microscope images of same targets. Bottom row: Depth
profile comparison performed on lines indicated middle row images. (c) Finite element method (FEM) simulations of magnetron magnetic field applied to
a paramagnetic Ti target (1L mm thickness) for comparison with three ferromagnetic Fe targets of various thicknesses, demonstrating the screening effect.
(a) reproduced from ref. 71 with permission from John Wiley and Sons; (b) reproduced from ref. 72 with permission from Springer Nature; (c) reproduced

from ref. 26 with permission from John Wiley and Sons.

In a different approach, Huttel et al., in collaboration with
Nano4Energy SLNE, recently introduced the Full Face Erosion
(FFE) magnetron,”> which also utilises moving magnets, but
parallel to the target and, most importantly, during deposition
(a comparison between the FFE and a standard magnetron is
shown in Fig. 2b). The concept of scanning the plasma over the
whole target surface had already been used for conventional
thin-film sputtering’*’* but required some technical adjust-
ments for nanoparticle production. Indeed, with the FFE mag-
netron the overall target usage increased fourfold, reaching
about 20% in weight consumption, as material was sputtered
from the whole area of the target. More importantly, the
avoidance of the aforementioned groove formation provides
an additional advantage compared with standard magnetron
guns. As was recently shown both experimentally and theoreti-
cally, the sputter yield at any given moment during sputtering is
strongly affected by the incidence angle of the bombarding
ions on the target surface.”®”” This means that, as the groove
becomes deeper with usage time, this angle changes; so do the
sputter yield and its resultant sputter-atom density near the

902 | Phys. Chem. Chem. Phys., 2023, 25, 897-912

target. As a result, inconsistencies occur in particle formation
over time, leading to reduced control over nanoparticle config-
urations and compromised deposition uniformity and homo-
geneity. Doing away with groove formation, the FFE magnetron
enables better control throughout the total nanoparticle fabri-
cation process.

The possibility to fabricate monodisperse, uniform nano-
particles is of course important in its own right; however, it also
has indirect consequences on the yield issue discussed here.
Normally, size selection in gas-phase nanoparticle synthesis is
always associated with post-growth separation, such as time-of-
flight or quadrupole mass filtration.”””® Generally speaking,
mass filtration is a process designed to block certain objects or
substances by some physical means, while letting others
through; as such, it is by definition inevitable that output is
always less in quantity than input. A method that succeeds
in accurately determining nanoparticle sizes during growth,
instead of producing a wide size dispersion first”””’® only to
narrow it down by mass filtration afterwards, may help over-
come this limitation.

This journal is © the Owner Societies 2023


https://doi.org/10.1039/d2cp04068a

Published on 09 2565. Downloaded on 27/1/2569 10:38:32.

PCCP

Exploiting this principle, Vernieres et al. fabricated magnetic
Fe nanocubes of tuneable structure;*® this system has attracted
increasing attention in various applications, owing to enhanced
activity and oxidation stability associated with cubic morpho-
logy.””~®° Considering that nanoparticle nucleation and growth
happens close to the sputtering target, the authors utilised the
high-permeability and resultant screening effect induced by
their magnetic targets of various thicknesses to manipulate
plasma confinement (Fig. 2c). In doing so, they introduced the
target thickness as a crucial parameter that controls the density
and temperature of sputtered atoms, producing nanoparticles
of tailored size, shape, and crystallinity, and relieved the
concept of nanoparticle size selection from the necessity to
translate into mass filtration (thus reaching ten times higher
material yield than with size-selected samples). In a similar
approach, Zhu et al.®! investigated extensively the influence of
backing plates on the strength of the magnetic field of the
magnetron gun. By introducing Cu backing plates of various
thicknesses between their non-magnetic Ge targets and the
magnetron head, they could manipulate the magnetic field
strength, which is inversely proportional to the plate thickness,
and control the sizes of their fabricated Ge nanoparticles
accordingly.

Another direction concerns the employment of cylindrical
magnetrons, which is rising in popularity lately. The main idea
is that the cylindrical geometry allows for (i) more efficient
target usage, (ii) higher densities of sputtered atoms within
the hollow target resulting in higher nanoparticle yields,
(iii) improved size control by tuning the transfer gas flow
accordingly and, thus, controlling dwell time, and (iv) a primary
collimation of the nanoparticle beam even before exiting the
target. Yet again, this is an old concept inherited by the
nanoparticles community (e.g.,**) from conventional thin-film
deposition.®® Several variations have been tried along the way;
for example, while typical cylindrical magnetrons comprised of
hollow cathodes, Tavares de Sa et al. proposed an inverse
geometry involving a cylindrical hollow anode and a metallic
rod along the axis as a cathode.?® More interestingly, the rod
could be replaced by intertwined metallic wires availing
the possibility to sputter nanoalloys with controllable nominal
composition.

Newly proposed designs of cylindrical magnetrons combine
their hollow geometry with concepts proposed for planar
magnetrons as discussed above. For example, in their self-
sustained hollow cathode sputtering source, Liu et al. installed
a pair of magnets at the outlet of the hollow target to control the
magnetic field and confine the plasma more efficiently.®® An
iron ring was also placed in between the magnet and the hollow
tube, separated from both by insulating plates. Their design led
to a fourfold increase in nanoparticle yield and an even higher
target utilisation rate increase (circa eighteen times), while
enhancing the crystallisation of their nanoparticles. Even
though it is unclear whether they were directly inspired by the
aforementioned studies by Vernieres et al. or Zhu et al., their
approach bares clear resemblance to the magnetic confinement
concepts proposed by the latter for planar magnetrons. In an
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analogous fashion, more recently Nikitin et al. utilised a similar
principle as the FFE by introducing their post cylindrical magne-
tron with a rotating magnetic circuit.®® The twist in their design
was that the magnetic circuit, which was attached to a rotating
spindle placed inside the magnetron, was rectangular, with the
two different-length sides generating two elliptical magnetic
tunnels shifted by 180°. Just like the FFE, target erosion was
significantly reduced, maximising target usage and minimising
possible related instabilities. Depending on the deposition
conditions, they managed to increase their nanoparticle yield by
~25-190% (depending on various considerations) compared
with the planar magnetron configuration; further improved
performance may be expected in future iterations.

Finally, a completely different approach to resolving the
scale-up issue was proposed a few years ago with the Matrix
Assembly Cluster Source (MACS), which traps atoms of a target
material within a cryogenically solidified inert-gas matrix®’
rather than condensing sputter atoms into clusters via colli-
sions with inert-gas atomic vapour. Recently, successful deposi-
tion of elemental Au and Ag clusters on gram scale powders of
TiO, was reported for heterogeneous catalysis applications.®®
The emission of clusters from MACS follows a process similar
to the initial sputtering stage in magnetron sputtering with an
inherent size control mechanism; as such it is promising for
the industrial scale production of elemental homogeneous
clusters. Further investigation is required regarding the
production of nanoalloys or composite clusters, though.

Nanoparticle flow dynamics. The carrier gas flow pattern
was also extensively scrutinised over the past years, touching
upon the third step of the deposition process, i.e., the transport
of nanoparticles. In their ground-breaking study on the gas-
phase synthesis of long-chain hydrocarbons, Martinez et al.
utilised numerical simulations of the Ar gas flow dynamics to
explain the growth of chains 23-33 carbon-atoms long.*® Even
though such growth was found energetically plausible, it
required longer residence times than initially expected for
the sputtered C atoms. A trap-and-release mechanism was
proposed that significantly prolonged the dwell time of the
reacting species in the vicinity of the sputter target by forcing
them to follow a spiral trajectory within a dome-shaped surface,
until they reached an unstable manifold saddle-focus-type
point and were released into the main Ar stream (Fig. 3a); while
doing so, they reacted and accumulated CH, groups forming
the long chains.

Moving further downstream inside the condensation cham-
ber, Nikitin et al. used computational fluid dynamics (CFD)
simulations to complement their experimental investigation of
the effect of inert gas flow,*® and found that, for high Ar flux
(100 sccm) the flow becomes more complex and turbulent, with
vortices forming at different distances from the gas inlet
(Fig. 3b). However, in situ observations with a quartz crystal
microbalance (QCM) showed that the strong drag force from
the carrier gas prevented the nanoparticles from decorating the
chamber walls and resulted in higher deposition rates com-
pared with those of a lower Ar flux (40 sccm). Another aspect
related to the carrier gas fluid dynamics was investigated in the
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Fig. 3 (a) Snapshots from Movie S2 (ESI of ref. 89) illustrating the difference in trajectory between particles experiencing the trap-and-release
mechanism and particles which do not experience it. (b) Colour diagrams of the gas velocities simulated for different Ar flows at constant pressure
(160 Pa) in a gas-aggregation source: (left) 40 sccm, orifice 2.5 mm and (right) 100 sccm, orifice 3.5 mm. For high Ar flux the flow becomes more complex
and turbulent. (c) Drift trajectories of 2D NPs from MD simulations, 2, 4 and 8 nm in diameter (top to bottom). Smaller nanoparticles are more susceptible
to Brownian motion and drift away from the beam axis, thus missing the orifice with a higher probability. (d) Gas velocity profiles inside the condensation
chamber for four chamber geometries. Top: Cylindrical-wide (200 mm in diameter); second row: cylindrical-narrow (100 mm in diameter); third row:
conical with a 90° apex; bottom: conical with a 60° apex. The optimal shape is the latter. (a) adapted from ref. 89 under https://creativecommons.org/
licenses/by/4.0/ (CC-BY 4.0); (b) reproduced from ref. 86 with permission from John Wiley and Sons; (c) reproduced from ref. 90 under https://

creativecommons.org/licenses/by/4.0/ (CC-BY 4.0); (d) reproduced from ref. 20 with permission from AIP Publishing.

detailed study by Sanzone et al.? In their study, they investi-

gated the effect of the inlet position both by CFD and experi-
mentally, and concluded that, ceteris paribus, carrier gas
injected in the chamber from within the (planar) magnetron
sputtering source produces higher cluster flux than when
injected from the rear of the chamber. Naturally, different
magnetrons, commercial or custom-built, have different
configurations, and there may not be a one-size-fits-all geome-
try that maximises yield in all of them. However, the main
message from this result holds true, with other similar config-
urations being tried, including multiple gas injection inlets
around the target, which may also help collimate the nano-
particle beam.

In an attempt to bridge the vast gap, not only in scale but
also in scope, between such CFD simulations and previous
atomistic simulations on nucleation & growth,'®*® Zhao et al.
simulated by large-scale 2D MD the nanoparticle flow through-
out the whole condensation chamber all the way to the
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aperture.’® Using atomistic simulations enabled them to incor-
porate Brownian motion to the nanoparticle drag flow at a scale
that had scarcely been approached in the past. They found that,
with a standard nozzle geometry (20 nm aperture at 60° from
the chamber walls), the probability of Au clusters to diverge
significantly from their original straight trajectory and fail to
exit the chamber significantly decreases with size, as the effect
of Brownian collisions becomes weaker (Fig. 3c). Through this
simulation, they were able to explain the experimental deposi-
tion of core-satellite Au complexes, where water molecules
acted as the adhesive agent, safeguarding the stability of the
system. Previously, Halder et al®’ had proposed a similar
mechanism for the self-assembly of sub-nanometre Cu clusters;
only in that case the agglomeration occurred on amorphous
OH-terminated alumina support during CO, conversion into
methanol and hydrocarbons, and it was unstable since the Cu
nanoassemblies disintegrated upon cooling down, due to the
decrease of available water molecules.
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Finally, Sanzone et al. went one step further and investigated
the effect of the condensation chamber shape on the gas
dynamics behaviour, also by CFD and experimentally.> Com-
paring four chamber geometries (two cylindrical, one wide and
one narrow, and two cylindrical with conical apexes of different
angles, one of 90° and one of 60°), they concluded that the latter
one is the most efficient (Fig. 3d). The narrow chamber shape
and small apex angle effectively increased the carrier gas
velocity near the chamber walls; as a result, the nanoparticles
were less probable to attach to the walls and stayed on track
toward a high-yield deposition on the sample support. In effect,
this corresponds to the high carrier gas flux suggested by
Nikitin et al. Nanoparticle yield obtained experimentally using
the latter chamber configuration increased up to eight times
(compared with the wide cylindrical chamber), and nanoparti-
cle flux increased by around ten times.

(b) The need for control: towards atomically precise
clusters

Nanoparticles can display unique physical and chemical prop-
erties. For instance, shape determines the type of surfaces of a
nanoparticle, which, in turn, can dictate function (e.g., the ways
atoms are arranged on the surface of a nanocatalyst can be
decisive for an (electro-) chemical reaction). Moreover, in gas-
phase synthesis the lack of ligands or other contaminants avail
the formation of clean interfaces with the supports, providing a
comparative advantage over chemical synthesis routes. How-
ever, precise engineering of clusters from the gas phase is no
easy task, as it is purely physical mechanisms that determine
their structure and resultant properties; one needs to simulta-
neously control both the energetics and kinetics of nucleation &
growth with no surfactants present to direct the synthesis
toward specific configurations. As a result, even though the
fabrication of, e.g., nanoalloys by gas-phase synthesis has been
technically possible for some time now, co-deposition of many
elements is scarce, due the non-equilibrium processes it
entails, with undecipherable kinetic factors often prevailing
over energetics considerations. Therefore, it comes as no
surprise that controlled synthesis of clusters or nanoparticles
is key to exploiting their potential for the aforementioned
applications; new strategies on how to achieve it are the subject
of the current section.

Improved control in synthesis. Over the past decade, instru-
mentation advances or adjustments that enabled the fabrica-
tion of small clusters with atomic precision was among the
main focal points of the gas-phase synthesis community. For
example, in 2014 Vajda et al. reported a new cluster deposition
apparatus promising to achieve such size resolution.>” Conse-
quently, they reported a number of studies utilising that
apparatus that concerned the successful growth of atomically
precise sub-nanometre metallic or metal-oxide clusters and
their employment for various catalytic applications (e.g., Cuy-
zirconia catalysts for carbon dioxide conversion to methane,*°
or CoO clusters for the selective oxidative dehydrogenation of
cyclohexane®®), as mentioned in the corresponding section
about catalysis, above.
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Charge transfer through the cluster-support interface is also
of paramount importance for sensing or catalytic applica-
tions,® and the choice of support can determine the utility
(or lack of) of any certain nanosensor or nanocatalyst.>* For
small clusters, the effect of the support is dual, since it can also
determine the shape of the cluster and the configuration of the
interface. In the aforementioned study by Valtera et al., where
it was shown that clusters of different nuclearities display
markedly different selectivity,®® an oscillatory behaviour in
selectivity was observed between clusters with odd and even
atom numbers. This was ascribed to the shape modifications
induced by the interaction with the support, providing insights
for potential research directions on controlling catalytic activity/
selectivity via strain engineering through cluster-support inter-
actions.

Such interactions are typically studied by DFT computer
simulations; hence many studies combine experimental and
theoretical findings. Interestingly, a similar odd-even oscilla-
tion was also reported via classical molecular dynamics (MD)
for the potential energy of free-standing elemental clusters.?*
Mattei et al. compared the independent nucleation of Au, P,
and Pd clusters, and found that for Pd it is distinctly faster than
for Au or (especially) Pt, which linger in dimeric cluster nuclei.
Via simulated annealing of low-nuclearity clusters of all three
elements they discovered oscillations in stability between small
Au and Pt clusters containing odd and even numbers of atoms.
Unlike their Pd counterparts, Au and Pt dimers and tetramers
are more stable than trimers, which explains the observed
stagnation in the experimental growth of Pt (mainly) and Au
nanoparticles by magnetron-sputtering inert-gas condensation.
This difference in stability was attributed to the different
electronic structures of the three transition metals. Au and Pt
have open-shell 6 s valence configurations (as opposed to 4d for
Pd), leading toward alternating stable closed-shell and less-
stable open-shell configurations for cluster seeds with even and
odd atom numbers. Very recently, odd-even oscillations
between open-closed electronic subshell configurations were
also found to affect radiation cooling rates of Au clusters (and
Au-Ag and Au-Pd binary nanoalloys).”® This effect could help
stabilise particular multi-metallic cluster configurations in out-
of-equilibrium gas-phase synthesis.

Pronounced differentiations in nucleation kinetics can
determine the resultant configurations (in terms of size, shape,
chemical ordering) of either elemental or mixed (if co-
sputtered) nanoparticles; therefore, taking them into account
when determining experimental conditions can give valuable
insights. A recent example is the case of site-specific decoration
of Fe nanocubes by Au atoms, reported by Vernieres et al.,’*
where the more abundant and faster nucleating Fe atoms
condensed into cubes about twice the edge length of concur-
rently grown Au clusters, with the latter eventually wetting the
surface of the former toward multiple-frame Fe-Au cubic
morphologies. The relative sizes of nascent elemental clusters
that eventually form nanoalloys can, of course, also be con-
trolled through appropriate instrumentation. Such is the case
with sequential sputtering apparatuses,”® as recently explored
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by Hanus et al. who fabricated Ni-Ti core-shell nanoparticles.’®
The current limitation in this methodology concerns slowing
down the cluster beam effectively enough via electrostatic lenses
to allow for the formation of substantial shell thicknesses.

From all aspects of the discussion above, it is clear that a
sufficient arsenal of in situ diagnostics methods would be
expedient to inform future advances in source instrumentation
and synthesis models; this is the subject of the next section.

In situ diagnostics. Nucleation & growth of cluster seeds
from a supersaturated atomic vapour within a plasma environ-
ment during gas-phase synthesis are very complex out-of-
equilibrium physical processes which take place within very
limited temporal and spatial scales. As such, they are pertinent
to computational simulation scrutiny® (where other types of
technical limitations exist, nonetheless), but are not ideally
suited for live experimental observation. However, seeing
is believing, and the possibility to combine cluster source
apparatuses with sophisticated observational instruments has
recently offered the possibility to break down these processes in
unprecedented resolution.

A number of recent studies involved the in situ monitoring of
the condensation near the target plane through suitably placed

#

i

= 1 all

E 80 S

X-ray é‘ 1 5 !
£ 60 2 1v-

5. )
3 40 r T
o 'm

z 1
20 |

| nE X = |

h

View Article Online

PCCP

observation windows in the condensation chamber perpendi-
cular to the cluster beam flow axis. Kousal et al.”” used Small
Angle X-ray Scattering (SAXS) measurements from a synchro-
tron facility to investigate the growth of Cu nanoparticles
(Fig. 4a). They witnessed that most of the growth occurred very
near the target, and that a portion of the nascent nanoparticles
was captured near the centre of the plasma ring (denoted the
capture zone), where they grew very large (~ 90 nm in diameter)
due to the prolonged residence time. The rest of the particles
were significantly smaller (~10-20 nm in diameter) and
escaped at an earlier stage forming the main cluster beam that
was eventually deposited. The large particles were found to
possess up to 100 electrical charges, which means their capture
could be electrostatic in nature. The possibility of nascent
clusters to carry both positive and negative charges during
growth was demonstrated by Popok and Gurevich.”® on Ag
particles using Electrostatic Quadrupole Mass Selection
(EQMS); they also found that the fraction of multiply charged
particles increased with size. A similar SAXS study again from
the Biederman group in Prague, this time on Ag nanoparticle
growth, revealed another two interesting observations.’® First,
freshly grown clusters were redeposited on both the target itself

nanoparticle beam
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Fig. 4 (a) Schematics of experimental setup for in situ SAXS measurements. Dashed blue lines indicate the magnetic field; light blue dotted lines indicate

carrier gas flow. (b) Left panel: schematic representation of magnetron and orifice combined with an exemplary LLS image to indicate their relative
positions. Three different regions are labelled inside the LLS image: edge regions (marked as 2) and centre region (marked as 1) Exemplar LLS images for a
middle-inlet configuration (pressure 183 Pa, for 0s,1s, 2 s, 3's, 4 s and 5 s after plasma switch-on). The intensity is increasing with time, indicating
nanoparticle growth, or increasing nanoparticle density, only in the edge regions. (c) Schematics of the nanoparticle time-of-flight filter rotors: (left)
slotted disks (8 slits of angular width 5°, relative angle 9°, disk-to-disk distance 19 mm, disk thickness 1 mm); (right) helical rotor (90 slits of angular width
1°, relative angle 97, total thickness 20 mm, printing resolution 0.2 mm). (a) reproduced from ref. 97 with permission from RSC; (b) reproduced from ref.
23 under https://creativecommons.org/licenses/by/4.0/ (CC-BY 4.0); (c) reproduced from ref. 104 with permission from Elsevier.
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and the chamber walls, a well-known fact caused by the high
pressure inside the condensation chamber (compared with
conventional film sputtering). Second, cycling oscillations
occurred in deposited nanoparticle sizes and numbers, which
was explained either on grounds of clusters being released from
the capture zone only when a critical size was reached (due to
electrostatic interactions) or of the nanoparticle cloud rotating
about the magnetron axis along with the plasma and releasing
particles periodically. Both explanations are worth investigating
further, perhaps with the use of CFD simulations incorporating
the gas inlet positions.

Indeed, the latter was found to play the most important role
in a very recent study by Drewes et al.>® probing the nano-
particle trapping very near the target with in situ Laser Light
Scattering (LLS). Along with the gas inlet configuration, the
inert gas (Ar) pressure was also found to determine the extent of
trapping, which, in turn, affected the deposition rate and size
distribution (Fig. 4b), indicating how in situ monitoring of
the growth conditions may inform decisions regarding either
optimal instrumentation design (e.g., inlet configurations) or
sputtering parameters (e.g., Ar pressure). In a previous study,
Drewes et al.' also investigated the elemental composition of
binary alloy nanoparticles by a combination of in operando
Optical Emission Spectroscopy (OES) and X-ray Photoelectron
Spectroscopy (XPS). In OES, the signal intensity is directly
related to the number of excited atoms of each specific ele-
ment; therefore, there is a correspondence between the inten-
sity of OES lines and the concentration of each species.
Utilising a composite target of Au rings embedded in the
racetrack area of a Ag target and a similar observation geometry
as in the SAXS studies discussed above, they also observed
redeposition of sputtered material on the target. More specifi-
cally, they could identify distinct boundaries between regions of
redepositions of each element, related to the plasma ring
configuration adjacent to the target. Further, a significant
target history effect was also clearly discernible, due to the
redepositions. The temporal evolution of the phase separation
of immiscible Ag-Cu nanoalloys was followed by another very
recent study employing a combination of ex situ (Transmission
Electron Microscopy, TEM) and in situ (optical spectroscopy,
Grazing-Incidence Small- and Wide-angle X-ray Scattering,
GISAXS/GIWAXS) methods,'®" and deducing the effective diffu-
sion coefficients of the two elements (confirming previous
simulation results on the same'®® and different systems'%?).
The nanoparticles reported within this study are promising for
potential anti-counterfeiting applications.

Finally, moving outside the condensation chamber, in two
similar studies, Solaf et al. utilized a very simple, 3D-printed
mechanical time-of-flight filter to measure the velocities of Cu
nanoparticles prior to being coated by sequential sputtering or
to their deposition onto a support.’**'°> Knowing the velocity
distribution function of a cluster beam can be very important,
as it may affect the final configuration in case of coating
(e.g., core-shell vs. core-satellite), or the soft- or hard-landing
upon deposition. However, previous attempts typically utilised
electrostatic filters, which have the inherent limitation of not
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taking into account the aforementioned multiplicity in electri-
cal charge carried by the nanoparticles in the beam. Instead,
the newly proposed filter is based simply on geometry; two
variants were proposed (Fig. 4c), one containing slotted disks
(where the measurement parameters are the rotation velocity,
the disc separation, and the slot angles) and one containing a
helical rotor of a certain width (20 mm), number of slits (90)
and slit angle (9°). Since a direct dependence of nanoparticle
velocity with their size was revealed, the proposed velocity filter
may also be useful as a mass filter; to this end, further
corroboration of this dependence is required for other systems,
as well.

4. Conclusions and outlook

The first part of this perspective revolved around a broad range
of recent advances in various applications, from those tradi-
tionally associated with nanoparticle technologies such as
sensing, catalysis, and energy, to emerging neuromorphic
computing, a new, highly ambitious direction that may benefit
from the use of nanoparticles. Next, we presented relevant
experimental developments addressing challenges related to
these applications. We identified the need for increased nano-
particle yield and precise structural control as the most crucial
requirements for industrial employment of nanotechnologies
invented in the laboratory and presented recent strategies to
achieve these goals by appropriate instrumentation upgrade by
in situ diagnostics and large-scale simulations of nanoparticle
beam flows.

With our approach we tried to directly connect application
needs to corresponding responses. For example, good control
and monitoring of the deposition process is useful to allow
stopping just prior to or immediately after percolation for
sensing or neuromorphic computing, a challenge addressed
by the development of in situ diagnostic tools; the fabrication of
configuration-sensitive sub-nanometre clusters for sensors or
catalysts, on the other hand, necessitates precise control and
assessment of nucleation & growth during deposition. For
catalytic or energy applications at an industrial scale, large
amounts of nanoparticles are necessary (e.g., to decorate col-
lector sheets for battery anodes); hence the importance for
production scale-up.

While reviewing recent literature, we identified a lack of a
cohesive narrative covering various aspects of the synthesis
process, from the nucleation & growth stages to deposition and
device fabrication. This is in spite of overlapping or comple-
mentary studies often corroborating each other. The aspiration
of this perspective is to help create such a general narrative
regardless of differences between various instruments around
the world. To this end, we added comments and relevant
discussion about potential future experiments or general direc-
tions. We found that the adoption of concepts from regular film
deposition proved useful, as expected, for modifying cluster
source systems or for better understanding growth mechan-
isms; it may also be a source of further inspiration in the future.
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Also, that simple ideas can go a long way, either in terms of
instrumentation (e.g., mechanical time-of-flight filter) or in
terms of deposition strategies (e.g., sculptured thin films via
nanoparticle shadowing effect).

In closing, we would like to highlight that — despite being
seen as not en vogue anymore by some - nanotechnology and
nanoparticles in particular are central elements for tackling
major global issues, including (renewable) energy as well as
environmental sensing and remediation. Furthermore, we
would like to stress the potential of unconventional computa-
tion, which may still be in an earlier development stage, but
increasingly receives generous support from both the public
sector and angel investment."*® Utilisation of gas-phase synthe-
sised nanoparticles for relevant solid-state devices had been
sporadically proposed in the past, but over the past five years its
potential to facilitate disruptive technologies routed to become
dominant has become increasingly apparent.
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