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photocatalysis for converting sunlight to fuels, structure, dynamics and physical properties of 
water and aqueous solutions. 
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Research Projects: 
 
Water 
It is known since several decades that many properties of water such density, compressibility, 
heat capacity etc. become strongly anomalous as the temperature decreases. In particular, 
this deviation from a simple liquid behaviour becomes strongly enhanced as water is cooled 
below the freezing point into the metastable supercooled regime. Some of these properties 
seem to diverge around a mysterious temperature of 228 K and different theories have been 
proposed to explain this unusual behaviour. One of the most popular and that we are 
currently investigating with experimental techniques is the liquid-liquid transition (LLT) and 
liquid-liquid critical point (LLCP) model. Here we base our studies on using x-ray lasers to 
investigate deep supercooled water on timescales that is shorter than time for ice nucleation. 
It is also important to realize that the anomalous regime already occurs at much warmer 
temperatures even above room temperature. We are, therefore, also investigating water in 
the stable regime with an overall aim to establish a unified understanding of water from hot 
to deep supercooled conditions using synchrotron radiation. Here the hypothesis is that 
water at ambient temperature encompasses fluctuations around two local structures and 
that the dominating structure is a strongly distorted H-bonded environment but the 
tetrahedral local structure that are organised in small patches grows in population and size 
with decreasing temperature.  
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Different potential configurations of the hydrogen bonding network in water 

 
  



Chemical Energy Transformations and Catalysis 
There are many base chemicals of importance for the catalytic production of fertilizers, 
plastics, detergents, pharmaceuticals and fuels. Currently, the feedstock for the chemical 
industry is entirely based on fossil sources with an emittance of 8% of the worlds footprint of 
greenhouse gases (not including when fuels is being burned). There is an urgency to transform 
the chemical industry away from fossil sources and base it on captured CO2 and H2 from 
electrolysis of water. A future green transformation of the chemical industry, similar to the 
one with green steel, where wind or solar energy drives electrolytic cells is therefore a 
possibility. Catalysts are at the heart of these transformation currently based on fossil 
resources into products for use in everyday life. Naturally the catalysts in use today have been 
developed over a century with fossil resources in mind. In this research activity we suggest to 
further unravel the reaction mechanisms that enable novel catalysts to drive the reaction at 
radically lower pressures and temperatures that is better suited for a sustainable society. We 
are using a novel Stockholm built photoelectron spectroscopy instrument at the PETRA III 
synchrotron that operates at high pressures to measure the state of surface of various catalyst 
and molecular species on the surface at real reaction conditions. The goal is to understand 
the reaction induced dynamical changes of the catalyst and the mechanism. Typical reactions 
is Haber Bosch to produce ammonia from nitrogen and reduction of carbon dioxide to useful 
products mitigate climate change. 
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 The differential pumped photoelectron spectroscopy system to probe the surface of model 
catalysts. 

 

 

 

Ultrafast Surface Chemistry Probed with X-ray Lasers 

Solid catalysts are frequently used to enhance the rate or selectivity of desirable chemical 
reactions. We aim to study the underlying mechanisms of these reactions by examining model 
catalytic systems. Often essential ingredients is to probe transient intermediates and 
molecular states close to the transition state where lifetimes are extremely short. It is 
therefore necessary to perform experiments using ultrafast techniques. To perform our 
experiments we use a laser “pump” pulse to provide energy to the system in a controlled 
manner with well-defined temporal characteristics. The energy from the laser pulse creates 
energetic electrons and phonons in the surface of the catalyst. Energy transfer to the 
adsorbed reactants can place the reactants into transiently excited states which could allow 
a reaction or transition to occur. X-ray “probe” pulses from an x-ray free electron laser with a 
controlled delay from the initial laser pulse can then be used to produce detectable photons 
or electrons from the system. The energy distribution of the particles produced will be a 
function of the initial and final electronic states of the reactants. By analysing the energy 



distribution of the emitted particles as a function of the pump-probe delay time we can 
measure changes in the electronic states of the reactants on ultrashort timescales. This can 
help to reveal short-lived intermediate states that may be necessary for a reaction to proceed, 
this information could be used to uncover the mechanisms behind certain reactions and to 
potentially design more efficient catalysts. 
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Cavalca, F. Perakis, J. Sellberg, A. Eilert, K. H. Kim, G. Coslovich, R. Coffee, J. Krzywinski, A. 
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The transition state during CO oxidation on a surface 
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