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as conductive wires or switches. This 
material demonstrates a reversible 
photo-modulated phase behavior, 
allowing it to function as a photo-
controllable switch, which can be 
utilized to control devices like LEDs. 
Additionally, MXenegel can be used 
as a writable and reconfigurable 
conductive ink, making it suitable for 
brush printing on various substrates, 
thus expanding its application in 
flexible and eco-friendly electronics. 
(Reported by Yu-Liang Lin, National 
Yang Ming Chiao Tung University)

This report features the work of 
Jiun-Tai Chen and his collaborators 
published in Nat. Commun. 15, 916 
(2024).
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mun. 15, 916 (2024).Fig. 2:	 Light-responsive phase behavior of AzoC6@2αCD and 30 wt% MXenegel under different 

light irradiations.  SEM images of the vacuum-dried MXenegel, in which a cross-sectional 
view of the MXenegel layers is displayed. The maxima are indicated in the SAXS spectra of 
AzoC6@2αCD hydrogel and MXenegel. [Reproduced from Ref. 1]

Versatile Roles of Cesium
Cs-promoted Ru catalysts play a key role in enhancing efficient ammonia synthesis.

Ammonia synthesis is a cornerstone of the global chemical industry as it is essential for fertilizer production and is 
increasingly recognized as a potential hydrogen carrier for renewable energy applications.1 However, the conventional 

Haber–Bosch (HB) process requires high temperatures and pressures, leading to substantial carbon emissions and energy 
consumption.2 In the pursuit of more sustainable and energy-efficient catalytic systems, research teams led by Shih-Yuan 
Chen (National Institute of Advanced Industrial Science and Technology, Japan), Hsin-Yi Tiffany Chen (National Tsing 
Hua University), Ho-Hsiu Chou (National Tsing Hua University), and Chia-Min Yang (National Tsing Hua University) 
investigate the impact of carbon support graphitization on the activity and stability of cesium (Cs)-promoted ruthenium (Ru) 
catalysts for ammonia synthesis. By systematically tuning the graphitization degree of mesoporous carbon plates (MCPs), 
this study provides fundamental insights into the relationship between carbon support structure, Ru dispersion, and catalytic 
performance.
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The research introduces a series of Ru catalysts supported on MCPs with varying degrees of graphitization, synthesized 
through controlled carbonization. MCP-1100, which possesses the highest degree of graphitization, emerges as the optimal 
support, offering superior thermal stability, enhanced electron conductivity, and minimized carbon methanation. Figure 
1(a) illustrates that higher carbonization temperatures lead to increased graphitic ordering, further validated by high-angle 
annular dark-field scanning transmission electron microscopy images. These images reveal well-dispersed Ru nanoparticles 
on MCP-1100 (Fig. 1(b)). By contrast, catalysts supported on lower-graphitization-degree MCPs exhibit Ru particle 
agglomeration, which negatively impacts catalytic efficiency. The catalytic performance evaluation, presented in Fig. 1(c), 
demonstrates that the Cs-promoted Ru/MCP-1100 catalyst achieves an ammonia synthesis rate of 43 mmol NH3·g-1·h-1 at 
410 °C under ambient pressure, significantly outperforming conventional Fe-based catalysts under the similar conditions. 
These results indicate a strong correlation between the degree of graphitization and ammonia synthesis rates, with higher 
graphitization promoting better Ru dispersion and electronic conductivity. The critical role of cesium promotion is further 
supported by density functional theory (DFT) calculations (Fig. 1(d)), which show that CsOH weakens hydrogen adsorption 
on Ru, facilitating ammonia formation by accelerating hydrogen desorption. This cooperative effect between Ru and Cs 
enhances catalytic efficiency by promoting the crucial dissociative adsorption of N₂ while preventing catalyst deactivation.

A major highlight of this study is the application of in situ X-ray absorption spectroscopy (XAS) at TLS 01C1 for the Ru 
K-edge and TLS 17C1 for the Cs L3-edge, along with near-ambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) 
at TLS 24A1. These techniques provide real-time insights into the electronic and structural evolution of Ru and Cs species 

Fig. 1:	 (a) Wide-angle Powder X-ray Diffraction profiles of MCP-600, MCP-850, and MCP-1100. (b) TEM image of MCP-1100. (c) Temperature 
dependence of ammonia synthesis rate over 2.5Cs-10Ru/MCP-1100 under intermittent operating conditions. (d) Reaction coordinate diagram 
of hydrogen spillover from a Ru atom to single-vacancy graphene (SVG) in Ru/SVG, Ru–Cs/SVG, and Ru–CsOH/SVG models with hydrogen 
saturated at a Ru/H ratio of 1:6. Ea refers to the activation energy for hydrogen spillover from non-spillover models to spillover models through 
transition states (structures shown on the left, right, and middle in each image, respectively). ΔER refers to the reaction energy between non-
spillover and spillover models. Blue, Ru; pink, H; red, spilled-over H; green, Cs; orange, O; gray, C atom away from the C point defect; brown, C 
atom close to the C point defect. [Reproduced from Ref. 3]
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Fig. 2:	 Results of in situ XAS and NAP-XPS measurements. (a–c) XANES spectra at the Cs L3-edge, 
and (d–f) NAP-XPS profiles of the Cs 3d region. [Reproduced from Ref. 3]

under various reaction conditions. Figure 2 presents in situ X-ray absorption near-edge structure (XANES) and NAP-XPS 
spectra, which reveal a dynamic transformation of cesium species from CsOH to metallic Cs⁰ during the reaction. This 
transformation, facilitated by hydrogen spillover from Ru sites, enhances the electron-donating ability of Ru, reducing 
hydrogen poisoning and increasing N₂ activation. The XAS and NAP-XPS results confirm that Cs⁰ acts as an electronic 
promoter, effectively modifying the electronic structure of Ru to boost NH₃ synthesis rates.

In summary, this study establishes that Ru nanoparticle size, Cs/Ru ratio, and the degree of graphitization critically influence 
NH₃ synthesis rates and resistance to carbon methanation. By leveraging in situ XAS, NAP-XPS, kinetic analyses, and 
theoretical modeling, this work provides a real-time mechanistic understanding of how Cr species dynamically enhance 
Ru’s catalytic performance. The findings establish a new design paradigm for next-generation ammonia synthesis catalysts, 
offering a scalable and energy-efficient alternative to conventional HB catalysts while mitigating carbon emissions. These 
insights contribute to the ongoing transition toward sustainable and low-carbon chemical manufacturing. (Reported by Hao 
Ming Chen, National Taiwan University)

This report features the work of Chia-Min Yang, Ho-Hsiu Chou, Hsin-Yi Tiffany Chen and Shih-Yuan Chen published in Appl. 
Catal. B-Environ. 346, 123725 (2024).
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