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Ammonia feeds the world
Fertilizers

1-2 % of the global energy consumption
N2+3H232NH3 Saved 2-3 Billion peoples life

Haber Bosch Process

Surface Catalysis

Nobelprize 1918, 1933 and 2007

Consumption of nitrogen fertilizer

(megaton)

1900 1925 1950 1975
Year



Sustainable
fuels

Catalysis is key
Biomass - fuels
Electricity - fuels
Direct sunlight - fuels
(artificial photosynthesis)
Novel catalysts needed
Made from Earth abundant
materials
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Catalysis: Dealing with complexity

Need a Tool that is:

Chemical Sensitive

» Surface Sensitive

 Can work under realistic conditions
Can detect transient phenomena
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CH;0 CH,CH,OH

Medford, Ulissi, Hummelshgj,

100+ Species Bligaard, Ngrskov (2016)
200+ reactions
2000+ unique pathways




Fundamental Understanding of
Catalysis

Potential energy

Courtesy |. Chorkendorff



Probing Intermediates ?

Without
catalyst

With
catalyst

Reactants

Potential energy
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Probing Transition States ?
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Time Resolved Measurements

Kinetics: Macroscopic reaction rate
How often a reaction event is successful




Time Resolved Measurements

Kinetics: Macroscopic reaction rate
How often a reaction event is successful

Dynamics: Following movements of atoms, molecules and electrons,
Following reaction events in real time as they occurs

time



Time Resolved Measurements

Kinetics: Macroscopic reaction rate
How often a reaction event is successful

Dynamics: Following movements of atoms, molecules and electrons,
Following reaction events in real time as they occurs

Pump: to start all reaction events simultaneous; optical lasers
Probe: probing the evolvement of the reaction at a specific time delay; x-ra
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Atom Energy Selectivity Control

Can we direct the energy flow in catalysis?

Selective Excitation on an Atomic Site Thermal Energy Excites Everything



O and CO are both excited to produce CO,
Observation of the Transition State

Optical laser
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XAS Intensity (Arbitrary units)

Pump-probe of CO oxidation

X-ray laser  Optical laser
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Transient Time Scales
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Region in Catalytic CO Oxidation on Ru(0001)
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Mechanism

t<0fs 300 fs 500 fs 800 fs
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©Probing Transition States©
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Artificial Photosynthesis

Reducing CO, to fuels
and chemicals

One of the main
challenges for the
future
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Heat or Electron Transfers

Active region

Thermal

heat transfer

Active region

solution phase E-chem

Electrochemical

heat transfer electron transfer
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Stable or Metastable Transient Intermediate
@ - HCO or CHO ?
@ o Interactions with CO and H

QO  Hydrogen

. Ruthenium

Optical laser
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Fast time scales (t <4
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Free Energy Calculations
CHO and CH,O Formation
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Mechanism

(b) CHO(g) (¢) HCHO(g)
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©Probing Transient Intermediate®©

First time CHO Is observ«
Metastable

Transient Intermediate
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400 nm fs-laser induced CO oxidation and
hydrogenation on Ru(0001)
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Laser Stimulation
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O/Ru
Very Fast Initial Rise — Equilibrated Hot Electrons or

Non-Abiabatic Processes Optical laser
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General reactivity balance
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Counter balance between atomic bond and molecular d ISsociation

General for many processes of importance for energy production and
vital for our industrial society

We need to obtain a fundamental understanding of th  ese elementary reactions !!!

Can we find ways to overcome the fundamental limita  tion of this balance?
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Coherent control to go beyond peak in vulcano?
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Logatottir, Rod, Nagrskov, Hammer, Dahl, Jacobsen, J. Catal. 197, 229 (2001)
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Can we control reactivity by other means
First Experiment

THz radiation

Sliding Pushing Pulling

BRAT, coien e




Coherent THz generation by ultrafast laser pulses
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Femtosecond laser pulses are employed to
generate THz pulses which have an extremely

large bandwidth

Short THz pulses extend
over only a few oscillation cycles are generated

H. Wein and A. Lindenberg, Phys. Rev. Lett. 103. 023902 (2009)




THz can induce CO oxidation

selectively exciting the O atom

most likely through e polarization

J. LaRue et al. Phys. Rev. Lett. 115, 036103 (2015)



Accessing Active Sites on Nanoparticles
Haber-Bosch

T EPGTRN h-._-...

N, + 3H,—~2NH,

N,, dissociation simulated XES Hansen et.al. Science 294, 1508 (2001)
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X y 7 gy New Ru Catalyst
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.' . .‘ %— dissociated
20 0 00 20 0 00 20 20 0
Binding Energy (V) Theoretical simulations, Mats Nyberg,
Both N atoms Stockholm University diffusion barrier <50 meV

desorption barrier >500 meV



IN-SItU Or In -operandado

Record with ambient
pressure XPS with 100
mbar

Hard x-ray ambient
pressure XPS for 10 bar
applications

In-situ Soft X-ray
spectroscopy up to lbar




Core Level Electron Spectroscopy

Electrons interact strongly

hv
Surface Sensitivity
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CoreLeve Shiftsand Geometry
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High Pressure XPS

First catalysis using CO, + H2 on Rh(111) at p = 160 mbar
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Catalysis: Dealing with complexity

Need a Tool that is:

Chemical Sensitive

Surface Sensitive

Can work under realistic conditions
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Electro Catalysis

XPS of operating PEMFC

- direct observation of key
O/OH intermediates
- Surface sensitivity

- complexity of nanoparticle
surfaces
- Water splitting

- Artificial photosynthesis
- Batteries

Intensity (arb.u.)

OH-H,0

H30aq)
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Ogasawara, Nature Communication DOI 10.1038/ncomms3817



New Era in Probing Catalysis

time el
hot precursor intermediate 4&

« First surface chemical reactions with LCLS

e Proof of principle

Precursor to CO desorption in a weakened surfagmical bond
Transition State with CO—O interaction in CO oxioati

« H+CO - HCO, Fischer-Tropsch, ammonia synthesis, etc.

* Higher pressure (~100 torr), solid-liquid interfacelsotocatalysis
« Shorter FEL pulses, THz radiation control

 “Chemical Physicists dream”



Facility

Soft x-ray undulator with monochromator AE=0.2 eV covering
C, N, O Kand 3d TM L-edges

Variable polarization

Dedicated station for XAS, RIXS with both UHV and operando
Essential to develop efficient detection schemes

Hard X-ray Line for High Pressure XPS

Diffraction but this could be done at FXE

Short pulses = 1 fs to investigate electron dynamics

THz pump

Staff with knowledge in FEL science geared towards catalysis
to support unexperienced FEL users



