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Ammonia feeds the world; Fertilizers 
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Catalysis	


Nobelprize 1918 and 2007	


1-2 % of the global energy consumption	




Sustainable fuels 

Catalysis is key 
Biomass à fuels 
Electricity à fuels 

Direct sunlight à fuels 
(artificial photosynthesis) 

Novel catalysts needed 
Made from Earth abundant 

materials 



Understanding reaction 
mechanism and  dynamics 

The Catalyst Challenge 



Most important catalytic reactions 
are driven by thermal processes 

The number of turn-over events 
at each active site at a given 
time is extremely low 

The Boltzmann energy 
distribution gives only few 
molecules to be in a reactive 
state 

Ultrafast laser-induced heating 
leads to orders of magnitude 
higher population of the 
reactive state which can now 
be probed with ultrafast 
methods 

Chemisorbed	  	  
state	  
	  

Reac0ve	  
state	  
	  

Probing the Reactive State in Catalysis���
	




Map	  valence	  electronic	  structure	  changes	  	  
by	  measuring	  x-‐ray	  emission	  spectra	  as	  a	  func7on	  of	  Laser–
FEL	  delay	  &	  FEL	  energies.	  
Data	  set	  →	  Pump-‐probe	  XES	  &	  XAS	  	  

	  400	  nm	  laser	  pump	  
Hot	  electron	  genera0on	  in	  Ru	  →	  heat	  transfer	  to	  CO	  	


photoexcita0on	  resul0ng	  in	  
the	  desorp0on	  of	  CO	


“A simple experiment”	


LCLS pump-probe experiments	

400 nm fs-laser induced desorption of CO from Ru(0001)	


	  400	  nm	  fs-‐laser	  pump	  
	  
<1ps	  electronic	  excita0on	  
	  
>1ps	  phononic	  excita0on	  

Previous ultrafast study: C-O vibration (SFG)	

This work: Ru-C-O electronic structure (X-ray spectroscopy)	
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Experimental Set-up	

Full RIXS plane	
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x-ray emission energy	

after pump	


CO/Ru(001) 
sample	


400nm pump laser	


X-ray	
 delay	


 Pump-Probe delays between 100 fs to 20 ps	

≈ 200-300 fs time resolution 	


Fluence 210 J/m2	
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LCLS pump-probe experiments	

X-ray emission and X-ray absorption spectrscopy	


pump 

Time Δt/ps	


O1s 
heat transfer to CO: ~10ps 

? 
>50% 

gradual desorption of CO 
~30% 
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O1s532.2

EF
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Before and After Pump	


Participator 

XES 
XAS 

Shifts towards gas phase (resonant) 
dπ looses itensity 
Participator increases in intensity – 
- less connection to surface 

π* shifts towards  
gas phase position 
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CO desorption from Ru(0001) ���
Pump-probe XES	
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CO desorption from Ru(0001) ���
Pump-probe XAS	
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Resonant and non-resonant excitation in gas phase	  

A. Nonresonant spectra

The ground-state configuration of CO can be written as
(1s)2(2s)2(3s)2(4s)2(1p)4(5s)2 1S1, where 1s and
2s correspond to the two 1s core orbitals localized on the
oxygen and carbon sites, respectively. 3s represents the in-
ner valence orbital and the remaining three molecular orbit-
als are outer valence orbitals. Nonresonant x-ray emission is
obtained when a core-ionized state decays to a valence ion-
ized state by a valence electron filling a vacancy in the 1s or
2s orbital. Experimental nonresonant carbon and oxygen
x-ray-emission spectra are presented in Figs. 1 and 2 ~top
spectra!. The dipole nature of the emission process together
with the localized character of the core-hole states will make
the spectral intensities of each band dependent on the local
~core-hole centered! 2p population, i.e., the one-center con-
tribution @30#. The outermost valence orbital in CO, the 5s
orbital, has most of its 2p weight on the carbon site, which
results in high intensity in the carbon x-ray-emission spec-
trum at 282.0 eV. The low weight of this orbital on the
oxygen site leads to a low spectral intensity in the oxygen
spectrum at 528.3 eV. The 1p orbital, on the other hand, is
distributed on both atoms, as can be concluded by the high
intensity in both the carbon and oxygen spectrum at 278.4

and 525.5 eV, respectively. The 4s has predominantly oxy-
gen character and very little carbon 2p character. The re-
maining valence orbital 3s is effectively one-center forbid-
den and, furthermore, subject to strong correlation
breakdown ~a prediction of four major breakdown states is
given in Ref. @31#! and is practically unobservable in non-
resonant spectra @32#.
The spectra presented were recorded with the excitation

energy set just a few eV above the corresponding ionization
thresholds to minimize the influence of initial-state shake-up
or shake-off satellites obscuring the interpretation of the
spectra @33#. Nonresonant, electron-beam excited x-ray spec-
tra of CO recorded with higher instrumental resolution have
been presented previously @34,35#. In these spectra even vi-
brational fine structure was resolved, but due to the high-
energy excitation those spectra also exhibit satellites that
overlap with the pure bands making relative intensities diffi-
cult to obtain. The photographic plate detection, which was
used in those measurements, also makes the measured inten-
sities uncertain. Therefore, the nonresonant, satellite-free
spectra presented in this paper provide more reliable relative
intensities and band shapes. In addition, the nonresonant
spectra were recorded at the same experimental conditions
~resolution and dispersion! as the resonant ones, which en-
ables an accurate determination of relative energies between
the resonant and nonresonant spectra. This is, as will be

FIG. 1. Nonresonant ~top! and resonant ~bottom! carbon x-ray-
emission spectra of CO. A satellite-free nonresonant spectrum was
obtained by tuning the excitation energy just a few eV above the C
1s ionization threshold ~below the shake-up and shake-off thresh-
olds!. An excitation energy of 287.4 eV ~corresponding to the
v50 vibrational level of the C 1s21p* state! was used to record
the RXE spectrum. The energy shifts for the 1p and 5s emission
bands caused by the p* spectator electron are indicated. The solid
lines are simulated vibrational band profiles ~see text for details!.

FIG. 2. Satellite-free, nonresonant ~top! oxygen x-ray-emission
spectrum of CO and an oxygen p* RXE spectrum ~bottom!. The
resonant spectrum was excited to the maximum of the p* absorp-
tion band ~at 534.2 eV!. Energy shifts for the 5s ,1p , and 4s
emission bands caused by the p* electron are indicated. The solid
lines show the simulated vibrational band profiles.

136 55PER SKYTT et al.

Decay from	

O1s -1	


Decay from	

O1s -1 2π*1	


Spectator shifts due	

 to presence of 2π* electron	


P. Skytt et al., Phys. Rev. A 55 (1997) 134  	




Fit Using Chemisorbed and ���
Gas Phase Resonant Excitation	


70% unpumped + 30% gas phase 
But gas phase: 
4σ: 0.3 eV smaller shift (1.8 eV) 
1π: 0.1 eV smaller shift (0.8 eV) 
Participator: -0.5 eV and x0.5 

XAS 70% + 30% 
Gas phase π* -0.3 eV  
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Computed 2π* Excited States	


2.6 Å	
 4.0 Å	
 4.5 Å	
 6.7 Å	


Excited 2π* state delocalized to even long CO molecule distance 

 
 

20 
 

 
 
Fig. S9. (a-d) Iso-amplitude plots of wave functions of the core excited 2π* state 
calculated for CO on a 17-atom cluster model of the Ru(0001) surface sampling the 
potential energy surface from figure 3; blue indicates positive amplitude and red indicates 
negative amplitude in the wave function (0.01 e/Å2 between curves). (a) Equilibrium 
structure for on-top CO. Center-of-mass (COM) distance 2.601 Å. (b) COM distance 4.0 
Å (close to the inner turning point of the precursor well). (c) COM distance 4.5 Å (in the 
precursor well). (d) COM distance 6.75 Å (at the outer turning point of the precursor 
well). The core-excited state is fully delocalized at the equilibrium position while in the 
precursor state the delocalization is less efficient and depends on distance. (e) Computed 
XAS spectra along the different points color-coded according to the frames in (a-d). The 
intensity in the 2π* peak at 533.5 eV increases as the interaction with the substrate 
weakens and the peak position shifts to higher energy as the internal CO bond distance 
shortens in the precursor state. Note that the 2π* core-excited state forms an anti-bonding 
combination with the metal states leading to a slightly lower energy for the furthest point 
where the anti-bonding character is less important. 
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Potential of Mean Force	


Entropic	  barrier	  
•  Large difference in entropy 
     between chemisorbed state  
     (perpendicular only) 
     and molecules in plateau 
     (free to rotate) 
 
•  Compute potential of mean 
     force, W(s), to estimate  
     free energy 
 
•  Temperature-dependent 
      entropic barrier 
 
•  Two wells: chemisorbed and 
     precursor state to desorption 
     (and adsorption) 
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Originally developed by D. J. Doren, J. C. Tully,	

 Langmuir 4, 256 (1988), J. Chem. Phys. 94, 8428 (1991)  	




CO Desorption from Ru(0001):	

Weakly Bound Precursor State	
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Times	  scales	  and	  temperature	  

!
<1ps	  frustrated	  rota0ons	   >3ps	  moving	  to	  presursor	  

Hot	  electron	  driven	   Phonon	  driven	  

Phys.	  Rev.	  LeL.	  110	  (2013)	  186101	  



New Era in Catalysis 

•  First surface chemical reaction with LCLS 
•  Proof of principle 
Precursor to CO desorption in a weakened surface chemical bond 
Transition State with CO—O interaction in CO oxidation 
•  H+CO → HCO, Fischer-Tropsch, ammonia synthesis, etc. 
•  Higher pressure (~100 torr), solid-liquid interfaces, photocatalysis  
•  Shorter FEL pulses, THz radiation control (LCLS 2) 
•  “Chemist’s dream” 


