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Nanogranular films obtained by the soft assembly of atomic clusters
feature functional properties that are of interest in a variety of fields,
ranging from gas sensing to neuromorphic computing, heteroge-
neous catalysis and the biomedical sector. Bimetallic nanogranular
films, combining a post-transition metal (tin) and a catalytic metal
(platinum), were produced using supersonic cluster beam deposition.
By operating the cluster source with a double-rod cathode or sintered
cathode configuration, completely different nanostructures were
obtained. In the first case, segregated particle families of the two
metals with their specific size distributions were observed, while in the
second case, the formation of 2D layered intermetallic Sn—Pt phases
embedded into Sn nanoparticles was observed. These phases are
compatible with the Dirac nodal arc semimetal PtSn,. Chemoresistive
hydrogen gas sensing measurements are reported as an example of
prospective application of nanogranular films containing segregated
SnO, and Pt nanoparticle families.

Introduction

Nanogranular metallic films are systems formed by the soft
assembling of nanoparticles that maintain their individuality to
a large degree, with only a small area of points of contact with
each other. Their properties stem from this structure, and
include nanoporosity and reduced density with respect to the
bulk counterpart;** distinct electrical transport, exhibiting both
a resistivity that is orders of magnitude larger than the bulk
counterpart and resistive switching phenomena;**® and surface
morphological features and roughness in the proper length
scale range to trigger mechano-transduction effects in cells.®
These characteristics form the basis of several metal or metal
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oxide nanogranular film applications in the areas of chemo-
resistive gas sensing,” neurosignal recording,*® biological
sample processing,'®'* heterogeneous catalysis'>** and neuro-
morphic computing.*

In the last two decades, Supersonic Cluster Beam Deposition
(SCBD) equipped with the Pulsed Microplasma Cluster Source
(PMCS) has been demonstrated as one of the most powerful and
versatile techniques for investigating nanogranular films in all
the abovementioned areas.' This success mainly stems from it
being a room-temperature, high-vacuum, physical deposition
process, featuring excellent material purity, the absence of
chemical terminations at the cluster surface, and full compat-
ibility with any kind of substrate, including mechanically deli-
cate ones, such as micromachined device platforms, and
thermolabile ones, such as soft polymers.

The nanogranular films involved in the research mentioned
are all made of a single metal, or a metal oxide, with a material
portfolio including most of the transition metals: Ti, Zr, Hf, V,
Nb, Cr, Mo, W, Fe, Ru, Co, Ir, Ni, Pd, Pt, Cu, Ag, Au, as well as C
and Sn. Despite their importance for understanding gas
aggregation processes and related cluster structures (core-shell,
Janus, intermetallic phases, etc.), bimetallic systems have been
little investigated with SCBD based on PMCS. Among the few
examples, it is worth mentioning the recent work of S. Osmani
et al. on bismuth ferrite oxides (BFO), where the authors use
a BiFe 50: 50 at% cathode in PMCS and claim the formation of
the phase Bi,,Fe,039, whose photo-electrochemical properties
are then investigated;'* and the work of F. Vega et al. on Ag-Rh,
where the authors use a properly sintered cathode to obtain
nanogranular bimetallic films with 75 :25 at% composition in
order to study their hydrogen absorption properties.*®

In this article, we report on the bimetallic Sn-Pt nano-
granular films deposited by SCBD. The initial motivation for
this combination of materials is related to chemoresistive gas
sensing, an applicative area in which tin oxide is the “reference”
material. In this regard, a nanogranular structure integrating
tin oxide with a catalytic material such as Pt is expected to
exhibit enhanced gas detection performances. We demonstrate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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that, by altering the cathode configuration within the cluster
source, entirely different film nanostructures are obtained. For
“double rod” cathodes, two segregated families of nanoparticles
are obtained for Sn and Pt, while for sintered cathodes,
a distinct nanostructure is observed, in which a 2D-layered
intermetallic Sn-Pt phase is present within Sn nanoparticles,
breaking their spheroidal symmetry. Upon structural analysis,
this phase is identified as PtSn,, an intermetallic compound
known to have a Dirac nodal arc semimetal nature.””*® To the
best of our knowledge, this is the first time that the sponta-
neous formation of PtSn, phase within Sn nanoparticles has
been observed in a gas-phase physical deposition process.

Materials and methods

Despite design revisions and a substantial engineering upgrade,
the principle of operation of the Pulsed Microplasma Cluster
Source (PMCS) did not change from its first iteration." Fig. 1
shows the sequence of the basic physical phenomena leading to
the formation of a nanogranular film by SCBD, starting from
a solid-state precursor. The figure includes the qualitative
evolution of the velocity distribution characterizing the motion
of the clusters (thin black arrows), the velocity of the centre of
mass of the moving group of clusters (vcy), and the temperature
profile observed in the centre of mass. The method implements
a gas aggregation process by synchronizing a pulsed electrical
discharge with a pulsed jet of inert gas that acts first as a sput-
tering promoter of the metallic precursor rod (cathode), in the
form of a localized plasma plume (localized sputtering in
Fig. 1). Successively, the inert gas acts as a thermal bath for
metallic atoms to cool down and aggregate in nanoparticles
(nucleation and growth), before finally operating the extraction
of the nanoparticles from the source towards the deposition
chamber through a nozzle gas expansion. The local temperature
throughout the process is expected to (i) reach very high values
during the pulsed discharge; (ii) decrease during the nucleation
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Fig. 1 Principle of operation of the Pulsed Microplasma Cluster Source
(PMCS), showing the sequence of the basic physical phenomena leading
to the formation of a nanogranular film. Thin arrows represent the velocity
vectors of the clusters, while the thick vcym arrow represents the velocity of
the centre of mass. The red curve represents the temperature associated
with the translational movement and observed in the centre of mass.
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and growth step as a consequence of the thermalization by the
inert gas; (iii) drop suddenly due to the isentropic character of
supersonic expansion; and (iv) finally return to room tempera-
ture at the deposition.

In this work, we operated the PMCS with two configurations
for the cathode: a “double rod” one, where high purity rods of
Sn and Pt (Goodfellow) were brought into contact each other,
with the interface aligned with the plasma jet centreline (Fig. 2);
and a sintered cathode one with an Sn-Pt composition of 85-15
at%. The cluster source was backed with argon process gas at
a pressure of 40 bar, supporting pulsed gas injections with
anominal duration of around 200 ps. Synchronized with the gas
injection, the pulsed electrical discharge was operated at
a voltage of 500 V with a current pulse duration of 30 ps. The
whole system ran at a repetition rate of 4 pulses per second,
with a base pressure of 5 x 10 ® mbar in the deposition
chamber at source off. In a “double rod” configuration, the
erosion of the cathode pair shows a Gaussian-like profile can-
tered at the interface of the two materials with a FWHM of about
1.5 mm (Fig. 2¢).

Transmission electron microscopy (TEM) was conducted on
a Jeol JEM-F200 cold FEG operating at 200 kV and on Cs-image
corrected FEI TITAN 80-300 microscope at 300 kV. In addition,
high-angle-annular-dark-field scanning transmission electron
microscopy (HAADF-STEM) was performed on a Hitachi HF5000
equipped with a spherical-aberration probe corrector operated
at 200 kv. Elemental analysis by energy dispersive X-ray (EDX)
analysis was conducted using an Aztec system with two Ultim
Max Silicon Drift Detectors (Oxford Instruments, Abingdon,
UK). Samples for structural and compositional investigations by
TEM and STEM-EDX were deposited on standard TEM grids
with a properly adjusted deposition time in order to obtain low-
coverage, limited coalescence samples, enabling the clear
identification of the single nanoparticles. Samples for electrical
transport measurements in a reactive atmosphere (gas sensing)
were prepared on interdigitated electrodes (IDEs), as reported
in Martinez Medina et al.* In this case, a rastering protocol was
implemented including a quartz crystal microbalance (Inficon

Fig. 2 (a) “Double rod" cathode configuration, where the two rods of
Sn and Pt come into contact with each other, aligning the interface
with the source centreline. (b) Image of the cathode after source
operation, with the arrow highlighting the point of erosion. (c)
Zoomed-in view of image (b), showing the Gaussian-like profile of the
erosion.
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SQM-160) positioned beside the IDEs for real-time monitoring
of the deposited thickness.

Hydrogen gas sensing measurements were carried out on
a custom-made test bench, which included a mass flow
controllers (MFCs) based gas mixing system (Bioage G-MIX-
5CH), a test chamber equipped with four micromanipulators
for electrical contact (Linkam), and an electrometer acting as
voltage source and current reader (Keithley 2614B).

Results
Segregated Sn-Pt nanoparticle families

The “double rod” cathode configuration generates a nano-
granular film where two particle families of the two species, Pt
and Sn, coexist as if the film were the result of a co-deposition.
Fig. 3a shows a HAADF-STEM image of a low-coverage sample,
where smaller objects with bright white contrast are visible
alongside larger objects with weaker grey contrast. Elemental
composition maps using EDX (Fig. 3b and c) identify the former
as Pt nanoparticles and the latter as Sn oxide nanoparticles.
Fig. 3d shows a high-resolution TEM image where one particle
of each species is visible in detail. The Pt particle (white arrow)
shows a well-defined crystalline lattice, while the uniform
contrast of the Sn particle is consistent with the amorphous
nature of Sn oxide already observed in small Sn nanoparticles by
SCBD.*

Within the Sn particle family, core-shell structures are
observed in larger particles. Core-shell structures originate
from the Cabrera-Mott oxidation, which leaves the unreacted
metallic B-Sn phase in the core surrounded by an SnO, shell.

The presence of core-shell structures in larger Sn particles,
as well as the observation of a uniform contrast in smaller
particles, matching that of shells and suggesting full oxidation,
and the evidence of partial coalescence occurring among
nanoparticles are all in line with our recent results on the
structure of SnO, nanoparticles by SCBD and of the nano-
granular films obtained by Sn nanoparticle soft
assembling.*>***

The dimensions of the Sn and Pt nanoparticles align with
previous observations for each single material, the size distri-
butions of which are reported in Fig. 4. In both cases, histo-
grams are fitted with a log-normal curve describing the size
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Fig. 4 Size distributions of Sn and Pt clusters. In both cases, histo-
grams are fitted with a log-normal curve, returning a distribution mean
of 7.0 nm and 2.0 nm for Sn and Pt, respectively.

distribution of particles from gas-aggregation processes, as the
one governing the growth of nanoparticles in PMCS.***® Log-
normal fitting returns a distribution mean of 7.0 nm and
2.0 nm for Sn and Pt, respectively.

The observation of two separated nanoparticle families
suggests that each sputtering pulse within the cluster source is
localized on one or the other of the metal rods, otherwise
intermetallic or generically particles with mixed composition
would have been present. Therefore, at least in the case of these
materials, the width of the Gaussian-like erosion profile (Fig. 2c)
must not be intended as the dimension of the single erosion
event, but rather as representative of the random distribution

along the centreline of much smaller erosion events occurring
with the same probability on the Sn rod or on Pt rod.

Fig. 3

(@) HAAD-STEM image of the material obtained with the “double rod” cathode configuration, showing segregated particle families:

smaller, bright contrast particles, and larger, weak grey contrast particles. (b) STEM-EDX map of Pt. (c) STEM-EDX map of Sn. (d) High-resolution
TEM image showing one Sn oxide particle and one Pt particle (white arrow).
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Interparticle 2D phases

In contrast to the “double rod” cathode configuration, the sin-
tered cathode one generates nanogranular films where the two
metal species are present within each single nanoparticle, as
shown in the STEM-EDX maps of Fig. 5. High-resolution TEM
images, however, unveil segregated 2D layered domains in
many of the particles (Fig. 5d). High-angle annular-dark-field
(HAADF) STEM images confirm such 2D domains to be clearly
segregated elements embedded into nanoparticles, breaking
their spheroidal symmetry (Fig. 5e-h). Core-shell structures
visible in the larger particles and originating from the Cabrera-
Mott oxidation have been already commented on.

From high magnification EDX maps, the material composi-
tion in terms of Sn-Pt at% ranges from 94-6 to 84-16 at%, in
line with the composition of the sintered cathode (85-15 at%)
and the larger sputtering rate of Sn with respect to Pt. The
composition of the bimetallic vapour originating from the
sputtering of the sintered cathode (step 1 in Fig. 1) is therefore
positioned in the region of the Sn-Pt phase diagram where the
coexistence of the metallic B-Sn phase and intermetallic PtSn,
phase is the thermodynamically favoured condensed configu-
ration.* In line with this, the interparticle distribution of Sn
and Pt shows a remarkable segregation, where the former is
uniformly distributed while the latter accumulates in corre-
spondence with the layered domains with a bright contrast
(Fig. 6).

Fig. 7 shows high-resolution STEM images of the particles
shown in Fig. 5e and f. We identify a (almost) square-like
pattern in the centre of the nanoparticle with 2.8 and 2.9 A
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Fig.6 (a—c) EDX-STEM analysis of the particle in Fig. 5e: HAADF-STEM

image (a), tin distribution based on Sn-Lal (b) and platinum distribution
based on Pt-Lal (c). (d—f) EDX-STEM analysis of the particles in Fig. 5g.
In all cases, while tin appears to be distributed uniformly, platinum
tends to segregate, and its distribution is correlated with the brightly
contrasting layered structures.

lattice spacing and distinct, brightly contrasting layered
domains with a 5.8 and 4.4 A lattice parameter.

The analysis of the high-resolution images unveils the
presence of the PtSn, intermetallic phase oriented along (101)

Fig. 5

(a) HAADF-STEM image of the material obtained with the sintered cathode configuration. (b) STEM-EDX map of Pt. (c) STEM-EDX map of

Sn. (d) High-resolution TEM image showing a 2D layered phase embedded in Sn particle. (e—h) HAADF-STEM images emphasizing the presence
of the layered phase, breaking the spherical symmetry of the particles. (h) Enlarged section of the upper left part of image (g).
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Fig. 7 (a) High-resolution HAADF-STEM analysis of the particle in
Fig. 5e. A square-like pattern is observed in the centre of the particle
and layered domains on the side, the former with 2.8 and 2.9 A lattice
spacing and the latter with 5.8 and 4.4 A. The square-like pattern is
attributed to the cubic B-Sn metallic phase oriented (001) with respect
to the electron beam, and the layered pattern to the intermetallic
phase PtSn, oriented along (101). (b) High-resolution HAADF-STEM
analysis of the particle in Fig. 5f.

with respect to the electron beam and B-Sn metallic phase
oriented along (001) surrounded by an amorphous, presumably
tin oxide phase. Our results agree with the known crystallo-
graphic parameters of the intermetallic PtSn, phase, which
crystallizes in the orthorhombic Ccce space group and exhibits
a layered structure composed of PtSn, sheets oriented along the
(010) direction. In this structure, each Pt atom is 8-coordinated
and bonded to eight equivalent Sn atoms in a distorted square
antiprism geometry, with four shorter Pt-Sn bonds (2.80 A) and
four slightly longer ones (2.81 A).

Discussion
Formation of a 2D intermetallic PtSn, phase

The identification of the 2D layered intermetallic domains with
the PtSn, phase in the nanogranular films by SCBD is a result of
paramount importance given the Dirac nodal arc semimetal
character of this phase,'”'® which makes it a material of interest
for topological physics, electronic transport phenomena, and
related potential applications.”** In addition, the layered
arrangement of the Pt and Sn atoms of PtSn, may provide
surface active sites with modified electronic states, which
suggest catalytic properties in electrochemical reactions such as
the hydrogen evolution reaction (HER) and the oxidation
processes in fuel cells.**** Considering the reduced amount of
platinum, these properties feature PtSn, a potential catalyst of
remarkable interest.

Beynon et al. recently reported for the first time on the
synthesis of PtSn, in the form of a crystalline thin film by
electron beam evaporation and provided its full characteriza-
tion, emphasizing the importance of their achievement for
quantum technologies.>® In the framework of low dimension-
ality systems, nanostructuring provides insights into the
evolution of the Dirac nodal arc semimetal character with the
dimension of the crystalline domains. However, the synthesis
and stabilization of PtSn, at the nanoscale remain challenging,
and studies on its nanostructured forms are still limited.
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Based on our results, we hypothesize that Sn and Pt atoms
are released contemporarily by the sputtering of the sintered
cathode and aggregate in the form of small clusters, which grow
by monomer addition and by coalescence, until they reach
dimensions of the order of 10 nm. The difference in sputtering
yields of Sn and Pt leads to a nanoparticle composition with
a large excess of Sn. Given the low melting point of bulk Sn (232
°C) and considering the further decrease to values far below the
bulk one for particles with a diameter of about 10 nm,** we
propose that the nanoparticles remain in the liquid state for
long enough to allow the interparticle precipitation of the PtSn,
crystalline phase (Fig. 8a and b), which is believed to exist in the
solid state below 520 °C.>* A temperature above this value can
therefore be inferred for the initial bimetallic vapor of Sn and Pt
atomic precursors, upstream the aggregation process (step 1 in
Fig. 1).

Sn-Pt particle cooling is initially provided by the collisions
with argon within the cluster source and subsequently during
the supersonic expansion, for a total process duration—from
cathode sputtering to supersonic beam formation—of the order
of a few hundred microseconds. Although SCBD is sometimes
considered an “out of equilibrium” process due to the sudden
temperature drop of the supersonic expansion occurring
immediately after particle formation and causing the freezing of
their structures (for this reason, its potential ability to produce
exotic structures is interesting), here we observe that the
formation of highly ordered PtSn, domains has a fast enough
dynamic to be compatible with the SCBD process timeframe
and characteristics.

Interestingly, the 2D layered nature of the PtSn, phase not
only creates heterostructures that disrupt the spherical
symmetry of nanoparticles typically formed in gas aggregation
processes, but in many observed instances, rather than being
embedded within tin, the PtSn, phase sharply separates the Sn
particles into two distinct parts. As we previously reported for
cluster-assembled nanogranular Sn films deposited at room
temperature,* a similar partial coalescence is observed here as
deposition progresses and substrate coverage increases. This
can be linked to the dissipation of the kinetic energy of the

Fig. 8 Schematic representation of Sn—Pt nanoparticles during the
cooling process preceding the supersonic expansion. (a) Pt and Sn
atoms (light and dark grey dots, respectively) are uniformly distributed
in a nanoparticle in the liquid state, where Sn represents the largest
component. According to the Sn—Pt phase diagram, the temperature
here is expected to be higher than 520 °C. (b) Below 520 °C, the
ordered PtSn,4 phase precipitates within the still-liquid Sn nanoparticle,
which eventually solidifies upon supersonic expansion cooling. (c)
Scheme of the possible final structure of the nanoparticle-assembled
film where the B-Sn metallic nanogranular network (dark grey) is
sectioned by PtSn, layered domains (white).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particles within the supersonic argon beam, in combination
with the reduced melting point of the material. As the deposi-
tion proceeds, this partial coalescence leads to the formation of
an interconnected nanogranular network, with PtSn, layered
domains segmenting the B-Sn metallic phase, as shown sche-
matically in Fig. 8c. Given that this configuration incorporates
units with an alleged Dirac nodal arc semimetal character that
interrupt the nanogranular metallic network, we believe that
the electrical transport properties of this system warrant
specific in situ investigations.

Opportunities for chemoresistive gas sensing

The structure of the nanogranular films obtained with the
“double rod” cathode configuration, in which the close coexis-
tence of Sn oxide and Pt nanoparticles is observed, suggests
a potential use as an active layer in chemoresistive gas sensing
applications. Pt nanoparticles with a dimension of about 1 nm,
located in close contact with the Sn oxide, are in fact expected to
catalytically promote the reactions between airborne chemical
compounds and chemisorbed species on the oxide surface,
which are at the base of chemoresistive gas sensing mecha-
nism.*” Preliminary experiments of electrical transport in pure
air and in a reactive atmosphere (1% H, in air) at different
temperatures have been carried out. Assuming that the nano-
granular film behaves like the n-type semiconductor SnO,, the
Arrhenius plot analysis of the baseline current vs. the temper-
ature (Fig. 9) suggests the presence of donor states character-
ized by an activation energy for DC conduction of 0.18 eV.

Gas sensing results show an interesting trend of the
response to hydrogen exposure with temperature, where
a qualitative reversal of the behaviour appears for T > 150 °C
(Fig. 10). Up to 150 °C, exposure to hydrogen induces an
increase of the electrical conduction of the nanogranular film,
in line with what is expected from the chemoresistive mecha-
nism occurring in n-type semiconductor oxide sensing mate-
rials, such as SnO,, exposed to “reducing” gases such as H,.
However, at 200 °C the exposure to hydrogen unveils a more
complex behaviour characterized by a first, limited current
increase followed by a large decrease, unexpected for an n-type
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Fig. 9 Arrhenius plot of the baseline current suggesting the presence
of donor states characterized by an activation energy of 0.18 eV. VB
and CB represent the valence band and the conduction band.
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Fig. 10 Hydrogen-induced changes in the electrical transport of the
nanogranular film made of segregated families of Sn and Pt particles, at
different temperatures. Black curves represent the current across the
film at an applied voltage of 100 mV (left axes). Grey bars represent the
exposure to hydrogen (right axes). At T = 200 °C, the opposite
behaviour to that expected from an n-type semiconductor SnO,
exposed to the reducing gas H; is observed.

semiconductor oxide exposed to hydrogen. Response and
recovery dynamics are temperature-dependent. In particular,
recovery time appears to be much longer than the air exposure
duration in the measurement protocol (120 s).

Although these results should be consolidated, especially
with respect to additional gas species, they already suggest the
possibility of tuning the sensing mechanism according to the
operational temperature of the sensing device. This will hope-
fully contribute to addressing one of the main limitations of
metal-oxide gas sensors, i.e. selectivity.

Conclusions

In this work, bimetallic nanogranular films combining Sn and
Pt were deposited by supersonic cluster beam deposition
(SCBD). Their nanostructure can be tuned on one hand towards
segregated nanoparticle families of the two metallic species in
close contact with one another as if they were originated from
a co-deposition process, and, on the other, towards a nano-
granular network of metallic Sn “interrupted” by embedded 2D
layered intermetallic PtSn, phases.

The identification of PtSn, 2D layers, that form spontane-
ously within Sn nanoparticles of around 10 nm originating in
the gas phase process of SCBD, is of remarkable im-portance
given the Dirac nodal arc semimetal character of this phase,
with implications in the areas of spintronics, magnetoresis-
tance, and topological solid-state physics in general. The
transport properties of nanogranular structures embedding
a Dirac nodal arc PtSn, phase deserve dedicated in situ inves-
tigation during film growth. Phenomena such as quantum
tunnelling between non-connected particles at low coverage,
the onset and evolution of percolation with increasing coverage,
and resistive switching at high coverage may all be affected.

Nanoscale Adv., 2025, 7, 5956-5963 | 5961
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Additionally, in situ studies on the material's electronic band
structure—examining the relationship between the Dirac
semimetal characteristics of PtSn, and its nanostructured
form—could benefit from the possibility of the direct inter-
facing of the deposition system with surface science facilities
thanks to the highly collimated nanoparticle beam and the
room temperature deposition process associated with SCBD.

From an applicative perspective, the preliminary results of
hydrogen sensing at concentrations below the Low Explosive
Limit (LEL, 4% in air) are provided. Qualitative changes in the
detection behaviour of the film composed by Sn oxide nano-
particles decorated with 1 nm size catalytic Pt particles are
observed at different operating temperatures. The possibility to
deposit nanogranular films directly on proper micromachined
platforms in one single deposition process can be of great
interest for miniaturized gas sensors operating as “edge
devices” in Internet of Things (IoT) scenarios.
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