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Abstract: 

Ultrafine cobalt and ruthenium clusters are deposited on carbon paper substrates by Cluster 

Beam Deposition using a Matrix Assembly Cluster Source and a Pulsed Microplasma Cluster 

Source, respectively. When used to catalyze the oxygen evolution reaction (OER), the cobalt 

and ruthenium clusters show electrocatalytic performance superior to the state-of-the-art Ru/C 

and RuO2 nanoparticle catalysts on both mass and specific-surface-area basis. Typically, the 

cobalt clusters can deliver 10 mA cm-2 at a low overpotential of 320 mV, and show a small 

Tafel slope of 50 mV dec-1 and a mass-based turnover frequency of 0.01 s-1 at an overpotential 

of 300 mV, outperforming many cobalt-based OER catalysts. 

  















 
 

9 
 

PMCS-Ru clusters show excellent catalytic stability, with overlapped behaviours that 

can afford 10 mA cm-2 without any degradation for at least 40 h. In contrast, the 

commercial Ru/C and RuO2 NPs need a higher overpotential to maintain the same 

current density and the overpotential needed to deliver 10 mA cm-2 increases by 70 mV 

for Ru/C and by 30 mV for RuO2 NPs in 40 h, suggesting a degradation. Interestingly, 

the overpotential needed for PMCS-Ru clusters first increases and then gradually 

decreases by ca. 10 mV after 40 h continuous electrolysis, ending up with an 

overpotential similar to that of the MACS-Co clusters. All these results indicate that the 

ultrafine Co and Ru clusters have outstanding catalytic stability for OER in alkaline 

solution, outperforming the state-of-the-art Ru/C and RuO2 NPs.  

In summary, we have prepared ultrafine Co and Ru clusters based on cluster beam 

deposition using the Matrix Assembly Cluster Source and the Pulsed Microplasma 

Cluster Source, respectively. We comprehensively investigated the electrocatalytic 

performance of Co and Ru clusters for the oxygen evolution reaction in alkaline 

solution: both cluster-based catalysts show results outperforming the commercially 

available Ru/C and RuO2 nanoparticles in terms of both mass and specific activities. In 

particular, the non-Pt group metal Co clusters deposited from MACS show high mass-

based catalytic activity with a turnover frequency of 0.01 s-1 at the overpotential of 300 

mV and a Tafel slope of 50 mV dec-1, and the Ru clusters obtained from PMCS exhibit 

high specific activity of 0.30 mA cm-2 at the overpotential of 350 mV. Moreover, both 

Co and Ru clusters exhibit exceptional catalytic stability over a long term. Cluster Beam 

Deposition provides an effective and scalable approach to the synthesis of size-

controlled transition or noble metal clusters which can not only be directly used as 

catalysts for electrochemical water splitting, but also be readily coupled with 

semiconductor photoelectrodes for photoelectrochemical water splitting. It is worth 
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Figure 1. (a) 157 nm × 157 nm and (b) 39 nm × 39 nm HAADF-STEM images of Co clusters 

prepared by MACS for 40 min showing a bimodal ensemble comprising a low coverage of 

large clusters with a mean diameter of 3.2 ± 1.0 nm, surrounded by a high density of smaller 

clusters with a mean diameter of 1.8 ± 0.8 nm. The number of small clusters per unit area far 

exceeds that of the larger clusters. Consequently, separate particle size distributions are 

displayed for each cluster type, determined by threshold analysis at different magnifications, 

which are shown in (c) and (d). 
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Figure 2. (a) HAADF-STEM image of Ru clusters. (b) Histogram showing the distribution of 

measured lattice spacing upon the HR-STEM analyses. Comparison with the lattice spacing of 

metallic Ru and RuO2 confirms the metallic nature of the deposited Ru clusters. (c) High-

resolution HAADF-STEM image of local clusters. Elemental maps of (d) Ru, (e) O, and (f) 

their overlay. Scale bars: 2 nm. 
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Figure 3. Electrocatalytic performance of all catalysts towards the OER. (a) Polarization 

curves. Scan rate: 5 mV s-1. (b) Mass activities. (c) TOF values calculated at 

overpotentials of 300, 350, 400, and 450 mV. (d) Specific activities. (e) Tafel slopes. (f) 

EIS Nyquist plots recorded at 1.50 V vs RHE. Inset: the equivalent circuit model used 

for fitting. The solid lines are fitting curves. All measurements were carried out in 1.0 

M KOH at room temperature. 
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Figure 4. Chronopotentiometric curves recorded at 10 mA cm-2 in 1.0 M KOH at room 

temperature.  
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