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Advanced nanocatalysts drive the global energy transition by enabling more efficient
energy conversion, carbon circularity, and sustainable resource utilization. 

The workshop highlights the latest scientific breakthroughs in designing high-
performance nanocatalysts bridging advanced materials synthesis with cutting-edge
laboratory technologies, focusing on two main pillars:

1. Advanced Materials & Energy Applications: Innovative catalysts to drive
decarbonization, carbon circularity, hydrogen generation and environmental
remediation;

2. Automation & Robotics: The future of materials discovery through AI, automation,
and self-driving laboratories for high-throughput screening and composition
optimization. 
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Non-Equilibrium Thermal Shock: A Versatile Synthesis Route to Single-Atom, 

High-Entropy, and Exsolution Nanocatalysts 

 
Il-Doo Kim* 

Department of Materials Science and Engineering, KAIST 

*E-mail: idkim@kaist.ac.kr  

 

This seminar will present our recent advances in designing high-performance nanocatalysts through non-

equilibrium, ultrafast thermal processing. The talk will focus on two complementary platforms that our 

group has been actively advancing: Joule heating (carbothermal shock synthesis) and intense pulsed light 

(IPL, flash thermal shock synthesis) driven photothermal annealing. Operating on millisecond timescales 

and far from thermodynamic equilibrium, these processes enable precise kinetic control over nucleation and 

growth, providing access to catalyst architectures that are difficult to obtain by conventional furnace 

annealing. I will show how this approach spans a broad compositional and structural landscape, ranging 

from atomically dispersed single-atom catalysts to multi-element high-entropy alloys and socket-structured 

exsolution catalysts, each offering exceptional thermal and chemical stability. The talk will then connect these 

materials to key energy conversion reactions, including CO₂ reduction, the hydrogen evolution reaction 

(HER), and the oxygen evolution reaction (OER), as well as to exsolution-based chemical sensing. I will also 

introduce an intriguing facet of photothermal annealing, in which strongly light-absorbing carbon such as 

carbon black drives structural and compositional transformations, for example the conversion of 

nanodiamond into carbon nano-onions, illustrating the versatility of light-driven thermal shock for carbon 

nanostructure engineering. Finally, I will discuss our vision for coupling these rapid synthesis techniques 

with automation and robotics, enabling high-throughput materials screening and composition optimization 

for the accelerated discovery of next-generation catalysts. In this context, I will briefly introduce the KAIST–

MIT Future Energy Initiative Research Center, a top-tier center that is implementing an AI and robotics based 

self-driving laboratory to realize this vision. Together, these results establish non-equilibrium rapid thermal 

processing as a scalable and energy-efficient platform for sustainable energy technologies and beyond. 
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Perovskite Photovoltaics from Device Physics to Autonomous Discovery with 

Self-Driven Laboratories 
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This seminar will present our recent advances in emerging photovoltaics, following the path that connects 

the physics of a single perovskite interface to the autonomous, AI-guided discovery of entire material/device 

systems. Metal halide perovskite solar cells now exceed 27% efficiency in single junction and 35% in 

perovskite/silicon tandem architectures, yet their industrial translation remains limited by long-term 

stability, reproducibility, scalability, and the persistent use of hazardous lead precursors and toxic solvents. 

We will first discuss how compositional and structural engineering of the absorber and of its interfaces 

addresses these bottlenecks, including two-dimensional perovskite phases that simultaneously improves 

efficiency and operational stability in large-area modules, and the integration of two-dimensional materials 

such as graphene and transition metal dichalcogenides into perovskite panels operating in a stand-alone 

solar farm under real outdoor conditions. Scaling will be a recurring theme that leads in describing how 

design rules extracted at cell level are validated on modules beyond 100 cm², where interfaces, contacts, light 

management and degradation pathways can no longer be treated separately. We will show how this 

approach guides the optimisation of tandem and semitransparent architectures, including data-driven 

design of perovskite/CIGS two-terminal devices, green solvent strategies up to light management with Laser 

Induced Periodic Surface Structures (LIPSS). Finally, we will introduce MADAM, the self-driving laboratory 

operational at CNR-ISM in Tito Scalo (Potenza), which autonomously fabricates and characterises up to 768 

solar cells per working day through robotic deposition, in-situ optical and electrical diagnostics and 

automated data capture. Coupled with uncertainty-aware active learning, machine-learning-accelerated 

first-principles screening and device-physics feedback, MADAM turns photovoltaic research into a closed 

loop in which both successful and failed experiments become FAIR training data. We will discuss how this 

closed-loop paradigm, embedding sustainability as a quantitative design constraint rather than a qualitative 

label, opens the way to lead-free absorbers and green-solvent processing, concluding with our vision of 

autonomous laboratories as a general platform for the accelerated discovery of sustainable energy materials 

and devices. 
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(Photo)-electrochemical Systems for Solar Fuels 
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44121, Ferrara. 

*E-mail: stefano.caramori@unife.it 

 

Photo-electrochemical cells may find significant applications in solar fuel production, water splitting for 

hydrogen generation, carbon dioxide reduction, environmental remediation, and photovoltaic devices. [1,2] 

Ongoing research focuses on developing efficient, stable, and cost-effective electrode and photoelectrode 

materials to improve light absorption, charge separation, and catalytic performance for generating value 

added chemical species (fuels, chemical building blocks). This lecture will review   some case studies from 

our laboratory, which could be of interest in photoelectrochemistry, concerning the development and 

application of Mo-doped BiVO4 photoanodes, MXene modified hematite, and  copper/copper (I and II) oxide 

based materials for CO2 reduction in aqueous and gas diffusion cells. The impact of material engineering on 

charge transfer dynamics is explored and rationalized, when possible, by applying a combination of time (or 

frequency) resolved spectrometric techniques.  
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Palladium is a key catalytic metal widely employed both in synthetic organic chemistry and in environmental 

remediation catalysis. The metal is rare and expensive, whereas increasing demand coupled to increasingly 

difficult supply is driving both price volatility and substantial price increase. The metal cost $588/t in August 

2016. Ten years later its price doubled to $1,290/t. The most commonly employed palladium catalyst, Pd/C 

consisting of Pd nanoparticles dispersed on the outer surface of charcoal, suffers from relatively quick 

deactivation [1]. Clearly, the development of a catalytically stable form of nanoparticulate Pd would be 

highly desirable, though prolonged lack of achievements of practical relevance makes the Pd/C catalyst still 

the catalytic material of choice for most heterogeneously catalyzed processes. To ensure economic viability 

of Pd catalysis, catalyst suppliers usually retrieve the spent Pd/C catalyst from customers for reactivation 

usually by extracting the metal in a suitable media and subsequent re-impregnation on carbon support 

followed by reduction [1].  

In 2023, we anticipated the discovery of a completely new class of functional materials, dubbed “GrafeoPlad-

Palladium”, for designating palladium doped with 3D entrapped graphene oxide (GO@nPd) [2]. Employed 

in the Suzuki–Miyaura cross-coupling reaction between phenylboronic acid and aryl halogenides conducted 

in methanol, catalyst reusability tests showed unprecedented stability of the new material toward sintering 

and deactivation [3]. Clustering to form palladium black is the common deactivation mechanism of most 

cross-coupling reactions mediated by both homogeneous [4] and heterogeneous [5] Pd catalysts. GrafeoPlad-

Pd is significantly more stable than Pd black, showing that the entrapment of GO molecules in the 

nanoparticle lattice largely improves both its catalytic activity and stability against catalytic deactivation.  

In this lecture, I will discuss the outcomes of experimental and computational investigations of the metal-

organic alloy GO@(nPd) hybrid material and the stabilizing role of the 3D-entrapped graphene moiety of the 

GO molecules against sintering, confirmed by DFT calculations [3]. XPS surface investigation prior and after 

employment in hydrogenation catalysis [6] indicate involvement in catalysis of both metallic Pd and PdO 

phases. These findings make the discovery of GrafeoPlad-Pd of direct relevance to the global fine chemical 

industry wherein the increasingly costly use of palladium in catalytic reactions is ubiquitous. This new class 

of metal-organic alloys (MORALs) [7] opens practically relevant new avenues in many areas of today's 

material science and technology.  
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Cu based Layered double hydroxides as single phase for light harvesting and 

electrochemical CO2RR 
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The seminar will describe the recent activities in the development of Layered Double Hydroxide (LDH) as 

photo-electrocatalysts. The Cu-based LDH have been prepared using two different and easy scalable 

techniques: a coprecipitation followed by screen printing and electrochemical deposition that was first 

developed using a potentiostatic technique and then modified using a potentiodynamic technique able to 

increase the control of the composition. The LDH tested in electrochemical CO2RR was patented before 

publishing the results and shows high productivity and selectivity in acetic acid at low potential (-0.4 vs 

RHE). The LDH was modified to perform the photoelectrocatalytic reduction of carbon dioxide (PEC-

CO2RR). Usually, PEC systems rely on photocathodes composed by a photoactive phase and a catalytically 

active one. However, the combination of such heterogeneous surfaces is not easy to optimize. Herein, we 

propose for the first time the use of Cu-containing LDH as single-phase photocathode material for light-

assisted CO2 reduction providing simultaneous light-absorption and CO2 electrocatalytic conversion. By 

exploiting the unique properties of LDH, photoelectrochemical CO2 conversion into C2 and C3 oxygenated 

products have been successfully performed in a PEC system operating under low external applied voltage. 

Using scalable synthetic procedures to produce both powders and photoelectrodes, i.e., coprecipitation and 

screen-printing technique, two different compositions of LDH, namely Cu/Mg/Al and Cu/Mg/Fe were 

obtained. Full characterization of structure/morphology, photoelectrochemical, and catalytic properties 

allowed a deep understanding of the role of metal elements within LDH structure on photocathodes 

performances and PEC CO2RR, with Fe providing strong benefits to light harvesting and electrocatalytic 

activity. The LDH shows also interesting activity in photochemical CO2 reduction thanks to the strong 

affinity with CO2 and the generation of reducing species. Molecular dynamics have been developed for 

studying the interaction of CO2 with the LDH and its dynamic equilibrium in the interlayer. 
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The transition toward carbon neutrality and the decarbonization of the energy and chemical sectors require 

the implementation of integrated carbon circularity strategies, in which CO₂ capture is coupled with catalytic 

and electrochemical conversion technologies to produce renewable hydrogen and CO₂-derived e-fuels. The 

integration of CO₂ capture with advanced catalytic processes and Solid Oxide Electrolysis Cells (SOECs) 

(Figure 1) establishes an integrated carbon utilization platform for the efficient conversion of captured CO₂ 

into synthetic natural gas, syngas, hydrogen, and other carbon-neutral fuels, while enabling renewable 

electricity to be stored as chemical energy in value-added products. Ca/Ce-doped MgO sorbents have 

demonstrated highly reversible CO₂ capture with excellent cyclic stability, allowing the efficient release of 

concentrated CO₂ streams for subsequent utilization through optimized carbonation–calcination cycles [1]. 

The catalytic upgrading of CO₂ has been extensively investigated through methanation, dry reforming of 

methane (DRM), and chemical looping reforming (CLR) over Ni-based catalysts, where optimized metal–

support interactions, controlled Ni dispersion, and rationally engineered perovskite and spinel structures 

markedly enhance CO₂ activation, hydrogen production, catalyst stability, and resistance to carbon 

deposition [2–4]. In parallel, high-temperature electrochemical CO₂ conversion has been explored using 

SOECs equipped with doped and high-entropy perovskite electrodes, which have demonstrated remarkable 

potential for the co-electrolysis of CO₂ and H₂O to produce syngas, a versatile intermediate for the synthesis 

of sustainable e-fuels [5,6]. Collectively, these complementary approaches underscore the strategic 

importance of integrating reversible CO₂ capture, heterogeneous catalysis, and solid oxide electrochemical 

conversion to establish efficient carbon circularity pathways for renewable hydrogen generation and the 

sustainable production of CO₂-derived synthetic fuels. 
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