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1 Goals of Deliverable D1.3 

Upscaling cluster production is a key factor for achieving the objectives of Catchy. In this report, Teer 

Coatings Ltd (Joao Coroa - ESR2 - and his supervisor Dr. Jinlong Yin) demonstrates the achievements 

so far obtained towards that goal and it is discussed what is necessary to accomplish the upscaling 

of cluster production. 

 

2 Magnetron Cluster Source as a Gas Aggregation Source 

With the ability to generate a high proportion of ionized clusters, the magnetron sputtering continues 

to be the preferable gas aggregation source when mass selectivity plays a key role. Its versatility allows 

the users to control not only the cluster size but also its composition, lacking only in cluster throughput 

(i.e., a low amount of material deposited vs a high amount of raw material spent). 

This technique has been in development for the past 30 years and has recently demonstrated a 

cluster flux as high as 20 mg/hr [1]. However, this output is still low for industrial applications, and 

further improvements are needed for the high-performance cluster-based catalysts being developed 

by Catchy. The factors influencing cluster throughput can be potentially explained by the cluster 

formation process (from nucleation and growth to transportation within the condensation chamber) 

which is still not well understood, hindering further increases in the cluster flux. 

Teer’s cluster beam system (Figure 1) has a magnetron source that allows a wide range of metallic 

clusters to be deposited on various substrates. Due to its built-in size-select mass spectrometer and 

multiple magnetrons, it can deposit a wide size range of clusters (ranging from 2 to >10,000 atoms per 

cluster) and can also create single or bimetallic clusters. It is composed of three main sections: 

(I) Condensation chamber, where sputtered metal atoms in a dense vapour collide with each 

other and with the carrier gases (typically argon and helium) to form clusters of various sizes. 

The walls are cooled with water to increase the thermalisation efficiency thus promoting clus- 

ter nucleation and growth (the lower the temperature, the better). Then clusters go through 

supersonic expansion through the nozzle before entering section (II) via the skimmer. 

(II) Ion optics chamber, where a set of optic lenses and deflection lenses are responsible for selecting 

and focusing the cluster beam. In this section, the beam can either be bent downwards for powder 

deposition or continue straight into section (III). 

(III) Mass filter chamber, where the cluster beam passes a lateral time-of-flight (TOF) mass spec- 

trometer before depositing onto planar substrates. This mass filter works with pulsed electric 

fields where the clusters get the same kinetic energy at the entry point but different velocities 

because of their different masses. These different velocities will lead to different spatial 

positions during a short time of flight between the two pulses where the electric field is zero. Only 

those clusters with the desired mass pass through the exit slit, and are deposited onto the 

substrate. 

A picoammeter is employed for measuring the cluster beam current on the sample substrate. During 

deposition, the current can be plotted against the atomic mass to have a visual representation of 

the range of clusters that are arriving at the surface, a feature that is not available in powder 

deposition. Nevertheless, one can always redirect the beam towards section (III) to check what kind of 

clusters are produced. 

 

3 Approaches for upscaling cluster production 
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As mentioned above, the cluster formation process is still not fully understood which makes it 

challenging for increasing the cluster flux and achieving industrial conditions. For the upscaling of 

cluster throughput in the Cathy project, we will focus on two fundamental aspects of the cluster 

growth: the magnetic field influence of the magnetron and the temperature of the inner wall of the 

aggregation chamber. 
 

 
 

Figure 1: Schematic of cluster beam system at Teer Coatings Ltd. 

 
3.1 Magnetic field 

In the 1980s, it was found that by tuning the unbalance degree of the magnetic field configuration, 

one can significantly increase the number of electrons escaping from the plasma sputtering region, 

increase the ion flux and the associated high ion bombardment on the substrate and thus produce very 

dense thin films [2]. Subsequently, simulations have been carried out to better understand how the 

unbalanced magnetic field influences the sputtering parameters [3]. 

Although significant progress has been made in the understanding of how the magnetic field in- 

fluences the magnetron sputtering process, there are very few reports about its influence on cluster 

formation. An exception is a recent work by Vaidulych et al [4], where it is argued that a decrease in 

the magnetic field assisted with an increase in the flow of the carrier gas greatly improves the deposition 

rate of the nanoparticles. However, in this approach, the sputtering rates across experiments were not 

strictly maintained, which might influence the results unexpectedly. Thus, further investigation is 

needed. 

Teer’s objective is to reveal the physical mechanism of the influence of a varying magnetic field 

on cluster growth. We already obtained preliminary simulation results, which show basic but 

fundamental information about electron trajectory. Wolfram Mathematica was used as simulation 

software to understand the basics of Maxwell equations and how exactly the strength of a magnetron 

can influence electron trajectory path [5]. In practice, it is difficult to maintain a constant magnetic 

field B around the entire racetrack (in particular, the turnaround region typically has a weaker field). For 

simplicity, the magnetron was designed with a cubic shape but with similar dimensions to the 

traditional magnetrons used (a 2-inch cylindrical magnet). Figure 2 shows the magnetic field lines on 

such magnetron when 280 V is applied and the magnet strength is Br = 1.4 T. 
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Figure 2: Magnetic field vectors at x = 0. The horizontal black line represents the target surface. 

 

If an electron was dropped in the turnaround region and its trajectory recorded for 5x10−8 seconds, 

its path would be represented by the black lines depicted in Figure 3a. It has three distinct motions: 

on a fine scale, the electron is circling the magnetic field; on a bigger scale it follows the arc-shaped 

path from the target surface upward and then back; and lastly, it follows the drift velocity direction 

which takes it around the racetrack. This last motion can be seen in Figure 4a where the trajectory 

is superimposed on both the racetrack (dashed line where Bz = 0) and the contours of the parallel 

B- field (lighter shading is an indication of a stronger magnetic field). 
 

(a) Magnetic strength at Br. (b) Magnetic strength at Br/2. 
(c) Magnetic strength at 2*Br. 

Figure 3: Electron trajectory (black line) superimposed with a 3D representation of the magnetron. 

 
It is possible to argue from Figures 3b and 4b that by halving the intensity of the magnets, the 

electron is less restricted by the weaker magnetic field, which in turn generates a faster drift velocity and 

the pathline is more spread out as the electron spends less time in a specific region. On the contrary, 

by doubling the intensity, the magnetic field has stronger magnetic lines, confines the electron close to 

its field lines, slows down the electron drift velocity and contributes to a tighter pathline, as shown in 
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Figures 3c and 4c. This also means that the electron spends more time in a region and leads to more 

time ionizing argon atoms, contributing to a higher sputter rate in that region. An increase in sputtered 

atoms will consequently improve cluster growth. The trajectories of argon ions and ionised clusters 

are not usually influenced by the change of magnetic field, due to their much heavier mass. However, 

the increased probability of colliding with electrons will increase the portion of ionised clusters, which 

might reduce the collision rate between clusters because of electrostatic repellent force between ionised 

clusters with the same polarity charge. Thus, a balance between sputtered atoms and magnetic field 

strength needs to be devised and investigated. 

 

(a) Magnetic strength at Br. (b) Magnetic strength at Br/2. (c) Magnetic strength at 2*Br. 

Figure 4: Electron trajectory (red line) superimposed on the racetrack (dashed line) and contours of 

the B field parallel to the target (darker shading indicates a weaker magnetic field). 

 
Although Wolfram Mathematica gave very important insights about magnetic field configuration, 

it lacks geometric complexity with the used magnetrons and can only work out analytical solutions 

instead of numerical ones. In a next step we will use a more advanced and complete simulation tool 

(Opera SIMULIA by Dassault Systemes) to optimize the magnetic field pattern and build several magnets 

accordingly to validate the simulation results. 

 
3.2 Temperature 

It is well reported that by lowering the temperature of the chamber wall, one can increase the 

thermalisation efficiency and promote cluster nucleation and growth [6, 7]. The condensation chamber 

can be equipped with a double skin structure to allow circulation of water or liquid nitrogen, the 

latter being the most used coolant. Nevertheless, few reports address the usage of different 

temperatures and their impact on cluster growth, especially in the range between room temperature 

(288 K) and liquid nitrogen (77 K ). 

Teer’s goal is to design a new condensation chamber that has a cryo-chiller capable of controlling 

the temperature in a specific range. This cryo-chiller will connect to a coil that wraps the condensation 

chamber and offers an acceptable temperature gradient over the surface of the double skin structure 

(Figure 5). The objective will be to use different temperatures during cluster deposition and study 

their influence on cluster formation. 

Both the cryo-chiller and magnetron configurations are expected to be implemented in Teer’s cluster 

beam system (Figure 1) by the end of 2022. In the meantime, Teer has also been involved in cluster 

production for Catchy’s partners. 
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Figure 5: Schematic of planned modification to the condensation chamber. 

 
4 Cluster  production 

Apart from the planned improvements of the condensation chamber to upscale cluster production, Teer 

has also been depositing samples for PSI (ESR14 Maximilian Winzely) and VITO (ESR13 Wenjian Hu) 

and plans are being made for depositions on powders for KU Leuven (ESR1 Imran Abbas). The 

objective of the depositions is to study CO2 electro-reduction and increase CO selectivity, 

respectively. 

 
4.1 Deposition for PSI with participation of UA 

Teer previous produced palladium clusters on top of glassy carbon and Kapton foil substrates (see 

deliverables D1.1). However, the metal loading used at the time was not high enough since it was 

not detectable by their X-ray Absorbance Spectroscopy (XAS) method. To easily increase the metal 

loading, one can ignore mass selectivity for a moment and do the deposition solely in the powder 

deposition chamber. This way, we have a higher cluster throughput since the clusters are going 

through fewer loops to get to the substrate. Teer has two stages for that chamber, the usual cup for 

powder deposition and an XYZ plate for planar substrates. To ensure a uniform deposition, the cup 

vibrates and the XYZ stage is constantly scanning. To guarantee the cluster size was maintained, the  

cluster beam is frequently monitored with the mass filter during deposition. 

The substrates were again glassy carbon 1 mm thick and a matching Transmission-Electron- 

Microscopy (TEM) grid to further analyse the distribution. To understand how the electrochemical 

surface area of palladium scales up with the metal loading of the samples, three differentoncentrations 

were done: 1.2, 3.6 and 6 µg/cm². All the parameters (pressure, power, aggregation length) were 

maintained except for the deposition time that increased: 5, 15 and 25 minutes respectively. Figure 6 

depicts the cluster distribution during deposition measured after the mass filter. Pd400 is the predominant 

cluster. 
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Figure 6: Cluster distribution during deposition time, with a maximal intensity for 400 atoms per 

palladium cluster. 

 
Figure 7 shows the TEM analysis done at the University of Antwerp (ESR10 Deema Balalta). The 

clusters present a good  distribution along the surface with an average equivalent diameter of 1.7 nm in 

all three samples. They appear to have an amorphous structure and don’t present any sign of 

agglomeration. When increasing the loading from 1.2 to 3.6 µg/cm² the cluster number increases as 

expected. Bigger clusters also start to appear, probably due to the grid being more time exposed to 

the cluster beam. However, the same growth was not observed when increasing from 3.6 to 6 µg/cm². 

This could be due to a simple mix up during sample preparation or the higher loading was not 

achieved due to the short deposition time. Nevertheless, a quartz crystal balance will be installed in 

Teer’s system to reduce the chance that similar situations will happen again. It is also important to 

note, that the images are taken with a lot of background noise, losing image resolution. To avoid 

that, a special TEM grid has already been ordered made of an ultra-thin carbon layer on top of lacey 

carbon. 

To study the electrochemical activity of the clusters, Maximilian performed CO stripping in a Gas 

Chromatography cell. This technique works by bubbling CO into the electrolyte and applying a certain 

potential so the CO is adsorbed on the palladium clusters’ surface atoms. With that potential applied, 

the electrolyte is then purged with nitrogen so all the loose CO is removed but not the CO attached 

to the palladium clusters. A Cyclic Voltammetry (CV) is later used so we can detect the amount of 

CO molecules that were stripped away from the cluster and with that information know-how many 

palladium surface atoms were participating in the reaction. The electrolyte was 0.5 M of phosphate 

buffer (pH = 7.28) and the scan-rate 50 mV/s. 

Figure 8 shows the cyclic voltammetry for the sample with 3.6 µg/cm² of metal loading. With the 1.2 

µg there was no signal detected by the technique and with 6 µg there was a potential shock at the 

beginning that depleted a lot of clusters since the current signal was very low. The potential applied 

to adsorb the CO to the atoms of palladium was 0.4 V vs RHE. Then we move in the negative direction 

and then in the positive direction to verify if hydrogen was present at the surface. Since there was 

no peak (black curve) at around 0.3 V vs RHE we could confirm that there was no hydrogen  being 

oxidised. At approximately 1 V vs RHE, stripping of CO is visible, which gets oxidized and detached 
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from the cluster’s surface. By doing the integration of this peak, it is possible to know how many 

molecules of CO are stripped away. The next cycles are intended to draw a baseline so the 

integration is well calculated but we can still see some CO being oxidized away from the surface in the 

next sweeps, hinting that the scan rate used was too high. The cyclic voltammetry stops at 1.2 V vs 

RHE so we do not risk the palladium getting oxidised and dissolved into the electrolyte. Finally, 

moving in the negative direction the reduction from palladium oxide to palladium metal can be seen 

at 0.65 V vs RHE. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Loading = 1.2 µg/cm2 (b) Loading = 3.6 µg/cm2 (c) Loading = 6 µg/cm2
 

Figure 7: TEM images and cluster distribution analysis of the different concentrations of palladium 

400 deposited by Teer Coatings on copper grids. Courtesy of ESR10 Deema Balalta. 

 
The electrochemical results showed that a fine control during the experiment is crucial. Using 

the right scan rate or not overdoing the potential so clusters are not dissolved in the electrolyte, are 

important procedures that need to be taken into consideration. For now, 3.6 µg/cm² was agreed as 

a good metal loading for future experiments, since the electrochemical catalytic activity was positive. 

Moreover, the experiments will move to the new flow cell designed by Maximilian since it will offer 

better convection, i.e. smaller diffusion layer so more CO is available at the surface. The substrates 

will also be changed to Kapton foils with a layer of sputtered carbon on top. 
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Figure 8: Cyclic Voltammetry with a holding potential of 0.4 V vs RHE to cover the palladium surface  

atoms with CO. Courtesy of ESR14 Maximilian Winzely. 

 
4.2 Deposition for VITO 

Copper selenide (Cu2−XSe) powder synthesized at VITO (by ESR13 Wenjian Hu) has been able to 

synthesize CO with a Faradaic efficiency of 60% at -1.6V RHE, as shown in Figure 9. The objective of 

this collaboration is to try to increase even further the CO selectivity (> 80%) by the use of deposited 

clusters. Zinc clusters have been shown to have a good catalytic activity toward CO synthesis [8–11]  

and only a few articles are reported, making it an interesting topic to explore. 
 

 

Figure 9: Faradaic Efficiency vs Potential for CO2 electro-reduction of Cu2−XSe powder. Courtesy of 

ESR13 Wenjian Hu. 

 
Four depositions were made with different zinc cluster sizes. The substrate was 250 mg of powder 

and cluster size distributions with maxima at Zn5000, Zn8000 and Zn11000 were produced with a metal 

loading of 0.2% wt. One sample of Zn5000    with 0.08% wt loading was also produced to be used as a 

comparison for low amounts of loading. The clusters were analysed with the mass selector to  make 

sure the cluster size would not change. Figure 10 depicts the cluster distribution deposited on 
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the powder. It is twice as easy to form the cluster with 5000 atoms compared with the other sizes, 

evidencing by the current intensity of one (50 pA) vs the other’s (25 pA). To achieve the same metal 

loading in all the samples, the deposition time was adjusted as needed. 
 
 

 

Figure 10: Cluster distribution during deposition, evidencing three different depositions for 5000, 8000 
and 11000 atoms per zinc cluster. 

 
The samples have been shipped to VITO (Belgium) so Wenjian can do a systematic study with other 

characterization techniques, such as XPS, TEM and electrocatalytic activity, to hopefully complete the 

objective, i.e. increase the current CO selectivity of the copper selenide powder. 

 
5 Conclusion 

Upscaling remains the most critical feature of cluster production. Teer firmly believes that under- 

standing cluster growth, from formation to transport, is critical in achieving such a goal. Two aspects, 

magnetic field configuration and temperature of the inner wall, are believed to be essential keys to 

a complete understanding of cluster formation. 

In this report, preliminary results of magnetic field configuration have been presented that show the 

importance of magnetic strength. This will influence the electron trajectory path which will eventually 

affect cluster growth. More simulation data is needed, such as electron-cluster collision and how the 

magnetic field affects ionized clusters, which will be completed with a more advanced software Opera 

3D. The temperature is also crucial for cluster growth, although few reports show cluster behaviour 

with decreasing temperatures. Teer plans to address that by having a cryo-chiller that can control the 

temperature over a range not well reported and do a systematic study of the impact of the temperature. 

All these features are planned to be implemented by the end of the year 2022. 

Finally, Teer also contributed to cluster production for Catchy’s partners. Palladium clusters were 

produced for PSI that were successfully tested and a minimal metal loading of 3 µg/cm2 was finally 

agreed upon. The next step will be to produce clusters on Kapton foils to be tested in Maximilian’s 

newly designed flow cell for XAS and electrochemical catalytic activity. As for VITO, Zinc clusters 

were made with different sizes that hopefully will increase the CO selectivity of the copper selenide 

powder synthesized by Wenjian. The samples have been shipped and are waiting for characterization 

to access future work. 
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