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Nanoclusters (NCs) are critical in advanced technologies due to their unique size-dependent
properties, offering significant potential in catalysis, energy storage, energy conversion and
electronic devices. In this study, the first steps were taken towards optimizing the synthesis of
nanoclusters from platinum-yttrium alloys for cost-efficient fuel cell technologies, employing a
magnetron sputtering system combined with a gas aggregation source. Copper was used as a
benchmark material to investigate the effects of varying gas flow rates, aggregation lengths, and
coating times on cluster size. Subsequently, experiments with yttrium and platinum were
conducted. NC sizes in the range of 4 to 12 nm could be synthesized. These results provide a
comprehensive parameter map for NC synthesis and contribute to the further development of
this kind of synthesis for sustainable fuel cell technology by reducing platinum consumption and
improving catalytic efficiency.
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. Introduction condensation within the aggregation zone of the
nanocluster source.

In recent years, nanoclusters (NCs) and

nanoparticles (NPs) have emerged as key The development of advanced SGAS techniques,
materials in various technological applications including the Multiple lon Cluster Source (MICS),
due to their unique size-dependent properties represents a significant leap forward, enabling
and the tunability of their chemical and physical the fabrication of complex core@shell structures,
characteristics. These materials are increasingly alloy NPs, and precisely size-selected clusters.
employed in fields ranging from catalysis, energy These innovations allow the integration of
storage and energy conversion to biomedicine functionality and versatility into NPs, overcoming
and advanced electronic devices [1,2]. Among the many of the limitations inherent in chemical
synthesis  techniques, gas-phase methods, synthesis methods [8,9]. For example, MICS
particularly those based on magnetron sputtering technology has facilitated the scalable production
and gas aggregation sources, have gained of NPs with tailored chemical compositions while
prominence for their ability to produce ultra-pure maintaining stringent control over particle purity
NPs with controlled size and composition [3,4]. A and size distribution [4,10].

system that combines sputtering and gas-phase

aggregation for nanoparticle synthesis is called Despite their remarkable potential, challenges
sputter gas aggregation source (SGAS) [3,5-7]. persist in optimizing synthesis techniques for
The fundamental mechanism for the formation of industrial-scale production and in achieving long-

nanoclusters using the SGAS technique is gas term operational stability. Addressing these
issues is crucial for expanding the applicability of

NPs in high-tech applications such as non-volatile
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memory devices, photonics, and energy
conversion systems [11,12]. Recent studies have
demonstrated promising solutions, such as
integrating in situ characterization tools and
employing modular systems for enhanced control
during NP synthesis [10,13].

This study focuses on addressing the challenges
associated with reducing the platinum content in
fuel cell technology to lower production costs and
mitigate CO, emissions. platinum-yttrium alloy
nanoclusters (NCs) are proposed as a promising
alternative due to their high catalytic activity and
large active surface area [14-18]. In the frame of
this work, initial parameter studies were
conducted using a nanocluster source, which
employs a magnetron sputtering system (i.e. a
SGAS system) for NC generation. Starting with
copper as a benchmark material, variations in
coating time, gas inlet location, gas flow, and
aggregation length were systematically explored.
Subsequent experiments with yttrium revealed
the need for higher magnetron power, which led
to significant heat input and reduced cluster
sizes. Finally, platinum clusters were generated
through gas flow and aggregation length
variations. These findings provide a foundational
understanding of the parameter space for
optimizing nanocluster synthesis and contribute
to advancing cost-efficient fuel cell technologies.

Il. Methods/Experimental
Setup

Il.a) Experimental setup

For the nanocluster deposition studies, a
nanocluster source (NC200 U-B, Oxford Applied
Research, UK) was flanged to an existing vacuum
system (Cobra Cube, CCR GmbH, Germany) (see
photo in Figure 1). The core of the nanocluster
source is a water-cooled magnetron sputter
source with a target size of 50.8 mm. The target
materials copper, yttrium and platinum were
used for the experiments with the nanocluster
source. The maximum power is 1000 W, and the
applied voltage should be in the range from 4 V
to 500 V. A pulsed DC generator ENI RPG-50
(MKS-ENI, Germany) was used as the power
supply. Table 1 shows the most important
process parameters for the investigations carried
out in this work. A schematic representation and
detailed description of the nanocluster source
can be found in the publications [10] and [11].
The water-cooled aggregation zone is connected
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to the outer stainless steel tube and the coating
chamber of the Cobra Cube through an opening.
The size of the opening can be adjusted using a
nozzle and aperture plate. The working gas argon
can be introduced at two different locations
independently of each other: a) at the sputter
source and b) at the aggregation zone.

Gas connections

linear

[ "
1=
B |
e )

Figure 1: Photo of the nanocluster source on top of the
vacuum vessel, i.e. the deposition chamber.
The linear drive is for moving the sputtering
source, to change the aggregation length.

First, two coating experiments were carried out
on silicon samples to determine the influence of
the inlet location of the working gas. The results
suggested that the formation of the coating and
nanoclusters is largely independent of the type of
gas inlet used, as no differences were observable
through optical inspection. Therefore, a fixed Ar
gas flow rate of 9 sccm was set at the aggregation
zone for the subsequent tests and no further
variations were made. The variation of the Ar gas
flow rate was thus carried out at the sputter
source.

A substrate holder was manufactured and
positioned directly below the orifice of the
nanocluster source, but inside the deposition
chamber. Silicon wafers and TEM grids (STEM
investigations) were used as substrate materials
for studies.
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Process | ynit | cu Y Pt
parameter
Target W 65-70 244 60
power
Discharge mA 200 1200 200
current
Discharge \ 300- 204 300
voltage 330
Ar gas flow | sccm | 12.. 12 16...90
rate 80
Aggregation | mm 40, 140 40, 90,
length 90, 140

140

Sputtering - 2.4 0.7 1.45
Yield [19]
(Ar,  Eion=
500 eV)

Table 1: Process parameters for the deposition of Cu, Y
and Pt nanoclusters with a SGAS and the
sputtering yield of these target materials.

I1.b) Characterisations

The size and composition of the nanoclusters
were characterized using a Zeiss field emission
scanning electron microscope (FE-SEM), model
Gemini EM 300. The Transmission Electron
Microscope (TEM) grids are characterized using
the Scanning Transmission Electron Microscope
(STEM) mode of the Auriga 60 field emission
scanning electron microscope from Zeiss. The
IMS Client image processing program from Imagic
was used to evaluate the cluster size. The
thickness of the porous coating of the
nanocluster deposition was detected using the
usurf  custom confocal microscope from
Nanofocus.
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Ml. Results

This paragraph is divided into three subsections.
In these three subsections, the results of the
investigations of the deposition of Cu, Y and Pt
nanoclusters are presented.

Before these subsections begin, the influence of
the argon gas flow on the pressure in the
aggregation zone should be briefly discussed, as
this result is relevant for all three subsections.
Figure 2 shows the dependence of the pressure
on the set argon gas flow rate. As the gas flow
increases, the pressure in the aggregation zone
rises. As can be seen from Figure 2, the curve is
basically linear. Only in the range 16 to 50 sccm
does the curve deviate slightly from linearity.
Overall, pressures in the sub-Pascal range are
achieved (approximately 0.1 to 0.6 Pa).

0.8

0.6

0.4- v

Pressure (mbar)

0.2+

0 10 20 30 40 50 60 70 80 90 100
Total gas flow rate (sccm)

Figure 2: Graph visualizing the pressure in the
aggregation zone as a function of the total gas
flow.

lll.a)  Copper nanocluster

In the experiments with a copper target mounted
in the nanocluster source, the coating time, the
gas inlet position, the gas flow rate and the
aggregation length were varied.

For the first depositions the coating time was
changed from 30 s to 240 s. It was found that the
nanoclusters agglomerate and form a kind of
porous coating (see figure 1). The growth rate for
this porous coating is approx. 70 pm/h. However,
mono-cluster layers are required for use as
catalytic material for fuel cells, as these are more

© by the author(s) 2024, Layout by G-Labs



M. Fenker et al.

material and therefore cost-efficient. Therefore,
only coating times of a few seconds were selected
for further investigations.

Figure 3: SEM image of a Cu porous coating at 200,000x
magnification with an aggregation length of
140 mm and 14 sccm Ar flow rate.

The nanocluster size can be influenced by
changing the gas flow rate. In Figure 4 the
relationship between gas flow rate and copper
cluster size is illustrated. At low flow rates (12-23
sccm), cluster sizes are small (around 6 nm) with
minimal variability. As the flow rate increases to
50 and 80 sccm, the cluster size grows
significantly to about 11 nm, accompanied by
greater variability in size. The sharp increase in
cluster size occurs between 23 and 50 sccm, while
sizes stabilize at higher flow rates. These results
suggest that higher gas flow rates promote the
formation of larger, but less uniform, clusters.

Journal of Technological and Space Plasmas, Vol. 5, Issue 1 (2024)

To get an impression of the size and distribution
of the Cu nanoclusters, three selected STEM
images are shown in Figure 6. The change from
small nanoclusters (at 12 sccm) to large ones (at
50 and 80 sccm) is clearly visible. However,
agglomeration of the nanoclusters already occurs
at the higher gas flow rates, so that the increased
size distribution is not easily recognizable.

16

144

N
N
L

e
o
1
N
N

Cu cluster size (nm)

30 40 50 60 70
Total gas flow rate (sccm)

10 20 80 90

Figure 4: Relationship between total gas flow rate and
cluster size of copper NCs with an aggregation
length of 140 mm. The error bars represent
the standard deviation of the measurements.

Figure 5: STEM images (magnification 200,000x) of copper nanoclusters with variations of the gas flows at an aggregation
length of 140 mm, with gas flow rates of a) 12 sccm, b) 50 sccm, and ¢) 80 sccm.

Cu nanoclusters were also deposited at different
aggregation lengths and analysed by STEM. The
measured copper nanocluster sizes are shown in
Table 2 together with a variation of the gas flow
rate.

No significant size difference was observed
between aggregation lengths of 140 mm and 90
mm across the entire gas flow range. The largest
size increase (55.0%) was measured between gas
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flows of 14 sccm and 50 sccm at 140 mm, while
the difference between 50 sccm and 80 sccm
(3.7%) was negligible. Significantly smaller cluster
sizes were found for an aggregation length of 40
mm. When the Ar gas flow rate is varied, a
maximum is formed here at approx. 50 sccm.
This was not measured for the other two
aggregation lengths.
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Aggr. Ar gas flow rate (sccm)
Length
g 14 50 80
(mm)
140 6.2+1.6 10.9+£3.2 11.3+3.2
90 6.912.0 10.613.3 12.1+5.7
40 4.8+1.6 8.2+1.7 6.4+1.2

Table 2: Cu cluster sizes (in nanometres) as a function
of aggregation length and Ar gas flow rate.

Thus, Cu nanoclusters with a size of 5 to 12 nm
could be deposited in the investigated parameter
space.

lll.b)  Yttrium nanocluster

The deposition of yttrium nanoclusters requires
significantly ~ higher  power  (~240 W),
approximately four times that needed for copper
cluster deposition. The reason for this is the 3.4-
fold lower sputtering yield of yttrium compared
to Cu Table 1. These high power levels cause a
substantial temperature increase in the
aggregation zone during extended operation,
though the temperature cannot be directly
measured due to system limitations. To
approximate conditions, the temperature of the
cooling water in the return flow was recorded
using a thermocouple attached to the
aggregation zone's pipe. Starting at 18°C, the
cooling water temperature rose to 40°C after 11
minutes of sputtering at 244 W, and further
increased to 58°C after deposition. It is assumed
that the aggregation zone's temperature is
considerably higher. Additionally, the power and
voltage were unstable throughout the deposition
process.

The nanoclusters were analysed at 20,000x
magnification by STEM. The cluster size from the
"cold" system was measured at 20.2 + 6.3 nm
(see Figure 6), while the "hot" system produced
clusters of 12.8 + 3.3 nm. This demonstrates that
both the applied power and the resulting system
heating significantly influence cluster size.
Maintaining consistent temperatures is therefore
critical for comparative studies.
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Figure 6: STEM images of yttrium clusters at 20,000x
magnification with the vacuum system in the
cold state and with an aggregation length of
140 mm and 12 sccm Ar flow rate.

Due to the impact of heating on cluster size,
experiments on yttrium cluster deposition were
not further pursued in this study. Cooling the
aggregation zone solely with water proved
insufficient for the power range and prolonged
deposition times required for yttrium. As an
alternative for future work, a platinum target
coated with yttrium foil strips could be used for
the intended Pt,Y alloy, as reported by Lindahl et
al. [16].

[1l.c) Platinum nanocluster
In the experiments with a platinum target, the gas
flow rate and the aggregation length were varied.

Figure 7 shows the relationship between the
argon gas flow rate and the cluster size of
platinum NCs. The curve reveals a distinct trend:
an initial increase in cluster size as the gas flow
rate rises, reaching a maximum cluster size of
approximately 8 nm at a gas flow rate of 50 sccm.
Beyond this point, the cluster size declines
steadily, indicating an inverse relationship
between gas flow and cluster formation at higher
flow rates. The observed error bars become
wider at certain flow rates, suggesting greater
variability in cluster sizes at these conditions.

This behavior may be associated with the
dynamics of gas-particle interactions during the
clustering process. At lower gas flows, increased
residence times might favor larger cluster
formation. With further increase of the gas flow
the excess Ar-gas does not contribute to the
sputtering process and flows away quickly
through the aggregation zone. This process helps
the cluster to have shorter residence time in the
aggregation zone or to leave the aggregation
zone relatively faster, which restricts the growth
of the clusters bigger in sizes [10].
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Figure 7: Relationship between total gas flow rate and
cluster size of platinum NCs with an
aggregation length of 140 mm. The error bars
represent the standard deviation of the
measurements.

A comparison of the “cluster size-total gas flow
rate” curves of Pt NCs (Figure 7) with those of Cu
NCs (Figure 4) shows that the synthesis of NCs for
the two metals react differently to the variation of

Journal of Technological and Space Plasmas, Vol. 5, Issue 1 (2024)

the gas flow rate. The discharge parameters of Cu
and Pt are practically identical (see Table 1).
However, there is an obvious difference in the
higher sputtering yield of Cu (2.4) compared to Pt
(1.45). Further differences can be assumed in the
interaction of the sputtered metals with the Ar
gas, as well as in the gas phase condensation of
the metals.

To get an impression of the size and distribution
of the Pt nanoclusters, three selected STEM
images are shown in Figure 8. As can be
observed, at the Ilowest flow rate the
nanoclusters are very small (approx. 4 nm) and
have a similar size. At the higher flow rates, a
broader distribution of nanocluster size can be
recognized. Furthermore, the number of
nanoclusters is significantly lower than at the Ar
flow rate of 16 sccm.

Figure 8: STEM images (magnification 200,000x) of platinum nanoclusters with variations of the gas flows at an
aggregation length of 140 mm, with gas flow rates of a) 16 sccm, b) 50 sccm, and c) 80 sccm.

For platinum, a comparison of the influence of
the aggregation length and the Ar gas flow rate
on the cluster size is listed in Table 3. The cluster
sizes were evaluated using STEM images taken at
a magnification of 200,000x. It can be recognised
that over the entire gas flow range the result
from subsection lll.a) for the synthesis of Cu NCs
could be confirmed. The change in length of the
aggregation zone does not result in any
recognizable change in the cluster sizes of
platinum. What is also noticeable (not shown
here) is the high density of nanoclusters with a
low aggregation length at higher gas flows.

Vol. 5, Issue 1

Agsgr. Ar gas flow rate (sccm)

Length

(mm) 16 50 80
140 3.8+1.0 7.4+2.0 5.841.5
90 4.2+0.8 6.6+1.6 5.3+2.1
40 3.1+0.8 5.3+1.2 5.9+1.3

Table 3: Pt cluster sizes (in nanometres) as a function of
aggregation length and Ar gas flow rate.

\"A Conclusions

In this work, Cu, Y and Pt NCs were deposited
using a sputter gas aggregation source (SGAS).
The study highlights the critical role of process
parameters, such as gas flow rate, aggregation
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length, target power and power stability, in the
synthesis of nanoclusters. The following cluster
sizes could be synthesized in the parameter
space examined:

e CuNGCs:5-12nm
e YNGCs:13-20 nm
e PtNGCs:3-7nm

A larger cluster size would be desirable for the
synthesis of Pt NCs. Increasing the target power
could deliver an improvement here in the future.
The findings also underline the importance of
thermal management during yttrium deposition
and the necessity of achieving stable operating
conditions for consistent cluster size. Future work
will focus on enhancing the scalability of this
technique and further refining NC size control for
broader industrial applications, including energy
storage and catalysis.
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