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mechanism, a more rational material design of HEO electrodes can be implemented for improving battery performance. 
(Reported by Jeng-Kuei Chang, National Yang Ming Chiao Tung University)

This report features the work of Jeng-Kuei Chang and his collaborators published in Adv. Sci. 9, 2201219 (2022).
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Fig. 3:	 Summarized transition behaviors of all the constituent elements of the HEO electrode during the first (a) charging and (b) discharging. 
[Reproduced from Ref. 1]

Uncovering Catalyst Synergies
Under redox reaction conditions, the chemical states and structures of catalysts can potentially undergo 
dynamic transformations. 

D eveloping efficient catalysts with low overpotentials 
and fast reaction kinetics for large-scale 

electrochemical production is crucial. When evaluating 
a catalyst’s performance in water splitting, factors such 
as overpotential, current density, and the Tafel slope can 
accurately describe their corresponding activity. Catalytic 
activity is closely linked to the atomic configuration and 
electronic structure of the reactive sites during catalysis, but 
it is challenging to capture the dynamic reactive sites using 
most ex situ characterization methods. Recent advances 
in in situ characterization techniques have provided new 
insights into real-time catalytic behaviors. Typically, the 
superior catalytic activity of electrocatalysts is attributed 
to the synergistic catalytic effect, which results from the 
combination of foreign components that facilitate electron 
transfer. However, it is still unclear how this synergistic 
effect promotes reaction performance, especially at the 
atomic level of the corresponding potential-driven reactive 

sites. In situ techniques, particularly those that employ 
synchrotron-based X-rays, have successfully revealed 
potential-induced or pressure-driven changes in the local 
geometry of the active sites.

Recently, Hao Ming Chen (National Taiwan University) and 
his coworkers created a Co-substituted Ru–Ru2P structure 
to serve as a catalyst model for studying the synergistic 
effects of Ru-based electrocatalysts during the hydrogen 
evolution reaction (HER) and identifying the potential-
driven reactive sites. By conducting in situ X-ray absorption 
spectroscopy (XAS) measurements at TLS 01C1, TLS 16A1, 
and TLS 17C1,1 they were able to determine that the 
active moiety of Co(µ-O)2Ru was responsible for the HER 
performance. They also found that there was a strong 
correlation between the resulting HER performance and 
the bridged O–Co–O bond angles, demonstrating that 
potential-driven bond strain could have a dominant effect 
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on the performance of bimetallic electrocatalysts. As shown 
in Fig. 1, the oxidation state of Co decreased during HER, 
but it remained greater than that of metallic Co(0), while 
the oxidation states and local structure of Ru remained 
largely unchanged, owing to the presence of underlying 
metallic Ru. To identify the potential-driven dynamic 
structures of Co sites, in situ extended X-ray absorption 
fine structure (EXAFS) spectra were recorded, as illustrated 
in Fig. 2. The results showed that the P around Co sites 
was partially replaced by the Co–O moiety in alkaline 
electrolytes. Under the application of a cathodic potential, 
the Co(µ-O)2Ru moiety was also observed and identified as 
the active intermediate of electrocatalysts. Further analysis 
of the EXAFS results revealed that the reactive moiety was 
likely due to the varied interatomic distances of Co–Ru 
and Co–O paths and corresponding 
geometrical configuration around 
the Co and Ru sites. The atomic 
configuration of the Co(µ-O)2Ru 
moiety appeared to play a critical 
role in governing the resulting HER 
activity and the corresponding 
mechanism, with an anisotropic 
contraction of the Co(µ-O)2Ru moiety 
upon hydrogen evolution potentially 
leading to increased disorder of the 
surface moiety. 

Chen and his coworkers conducted 
another study and made a 
groundbreaking discovery. They 
successfully identified that a strong 
metal–support interaction could 
lead to the development of actual 

Fig. 2:	 In situ Co K-edge EXAFS and corresponding wavelet spectra of (a) Ru–Ru2P @ Co0.6 and (b) Ru–Ru2P @ Co1.8. [Reproduced from Ref. 1]

Fig. 1:	 In situ Co K-edge XANES spectra of the (a) Ru–Ru2P @ Co0.6 and (b) Ru–Ru2P @ Co1.8 samples 
during HER. [Reproduced from Ref. 1]

electrocatalysts for the water-splitting reaction. They 
employed a series of operando XAS measurements to 
examine the nickel-vanadium layered double hydroxide 
(LDH) at SP 12B1,2 which was found to provide a strong 
metal-support interaction that was necessary to stabilize 
the single-atomic Ru reactive sites during both cathodic 
and anodic reactions. As shown in Figs. 3 and 4, during the 
oxygen evolution reaction (OER), the oxidation state of Ni 
sites increased, while the oxidation state of Ru remained 
unchanged, indicating that, instead of the Ru sites, the Ni 
sites may act as the reactive site for electrocatalytic OER. 
However, during HER, the oxidation state of Ru slightly 
decreased, confirming that, rather than the Ni site, the Ru 
site was the reactive center in Ru/Ni3V-LDH. It was also 
found that the electrocatalyst was able to maintain its 
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initial configuration during both HER 
and OER, without the formation of 
Ni/V/Ru oxides or Ni/V/Ru-derived 
species, indicating a structural 
transformation-free behavior. The 
researchers concluded that the 
synergistic effect between the atomic 
Ru site and Ni3V-LDH substrate 
resulted in the formation of a Ru–O–
Ni bond that stabilized the oxygen-
defect-rich surface and enabled the 
excellent performance and unique 
reconstruction-free property of the 
electrocatalyst.

Fig. 3:	 In situ XAS of Ru/Ni3V-LDH in an aqueous solution containing 1.0 M KOH during HER/OER. (a) Oxidation state of Ru/Ni in Ru/Ni3V-LDH and the 
corresponding HER current density versus control potentials. A.P.: as-prepared Ru/Ni3V-LDH. KOH: Ru/Ni3V-LDH soaked in the KOH electrolyte. 
(b) Fourier-transform EXAFS spectra at various bias voltages during HER. (c) Oxidation state of Ru/Ni in Ru/Ni3V-LDH and the corresponding OER 
current density versus control potentials. (d) Fourier-transform EXAFS spectra at various bias voltages during OER. [Reproduced from Ref. 2]

Fig. 4:	 In situ EXAFS fitting results and schematic 
models of Ru/Ni3V-LDH during HER/OER. 
(a) EXAFS fitting results of bond distances 
for Ru/Ni3V-LDH during HER. (b) EXAFS 
fitting results of coordination numbers for 
Ru/Ni3V-LDH during HER. (c) EXAFS fitting 
results of bond distances for Ru/Ni3V-LDH 
during OER. (d) EXAFS fitting results of 
coordination numbers for Ru/Ni3V-LDH 
during OER. [Reproduced from Ref. 2]
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Fig. 5:	 (a) Operando Fe K-edge XANES spectra of CoFeOxHy (Fe 30%) at various potentials compared to reference samples such as Fe foil, FeO, 
Fe3O4, and Fe2O3. (b) Correlation of edge energy with the Fe oxidation state. [Reproduced from Ref. 3]

Xile Hu (École Polytechnique Fédérale de Lausanne, 
Switzerland) and his coworkers utilized operando XAS at 
TLS 01C13 to investigate the nature of Fe and Co ions in 
CoFeOxHy during OER. They discovered that the catalytic 
activity scales with the concentration of Fe4+ species at the 
surface, rather than with the concentration of Co4+ in bulk. 
Figure 5 shows that, upon immersion in the electrolyte, 
the Fe sites were slightly oxidized by the OH− electrolyte, 
and during OER with the increase in the applied potential, 
the Fe4+ species were detected. Therefore, the Fe species 
not only promoted the oxidation of Co3+ to Co4+, but 
also created a new active site on the surface with higher 
activity. The analysis indicated that, rather than bulk Co4+ 
species, surface Fe4+ species were the active sites for OER 
on CoFeOxHy. This study improves our understanding of the 
mechanism of a benchmark OER catalyst.

In summary, the three studies presented provide a valuable 
example of the reconstruction of atomic and electronic 
structures at the interface for the water-splitting reaction. 
This knowledge could advance fundamental research of 
catalyst design via interface engineering with the aim of 
developing more effective catalysts. (Reported by Yan-Gu 
Lin) 

This report features the work of Hao Ming Chen and his 
collaborators published in Adv. Energy Mater. 12, 2200079 
(2022) and J. Am. Chem. Soc. 144, 1174 (2022); as well 
as the work of Xile Hu and his collaborators published in 
Energ. Environ. Sci. 15, 206 (2022).
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