
Ambient	  Pressure	  X-‐ray	  
Photoelectron	  Spectroscopy	  

Near-‐edge	  X-‐ray	  
Absorp:on	  Spectroscopy	  

Characteriza:on	  of	  Combus:on	  Processes	  and	  
Products	  Using	  So?	  X-‐ray	  Spectroscopies	  

Hendrik	  Bluhm	  
Chemical	  Sciences	  Division,	  Lawrence	  Na5onal	  Berkeley	  Laboratory	  
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Gas	  phase	  composi:on	  and	  
soot	  forma:on	  in	  flames	  (jointly	  
with	  Sandia	  NL)	  

Heterogeneous	  chemistry	  of	  
solid/vapor	  and	  liquid/vapor	  
interfaces	  

!"#$%!&'()*!"+*,-./+0$.1soot	  +	  O3,	  OH*	  



UHV Surface Science and Heterogeneous Catalysis 

Gerhard	  Ertl,	  Nobel	  Price	  (2007).	  
CO	  oxida:on	  on	  	  
supported	  Pt	  catalyst	  



Bridging the Pressure and Materials Gap in Catalysis 

Pressure 

Complexity 

UHV surface science 

(For Peugot 106;  
from Wikipedia) 

Real world 

? 

In situ  
Spectroscopy 

Model 
Catalysts 



Interfacial	  Chemistry	  in	  the	  Environment	  and	  Atmosphere	  
Barbara Finlayson-Pitts, PCCP (2009) 



UHV Surface Science Studies 

Equilibrium vapor 
pressure of water 

RH 100% 

relative humidity 
RH = p/p0(T) 

Partial Pressure of Water on Earth and in the Atmosphere 

RH 10% 

http://www.windows2universe.org/ 



Center for Fuel 
Cell Research 

X-ray Photoelectron Spectroscopy 

- 
Energy	  analyzer	  

Sample	  

e-‐	  

Binding	  Energy	  =	  hν	  -‐	  Ekin	  -‐	  Φ	  

Ekin	  
h ν 

XPS	  principle	  

Detector	  

C1s                              acetone/ice 
hv = 490 eV                         -49 °C 

5 4 3 2 1 0 -1 -2 
Relative Binding Energy (eV) 

CO 
CH3 

-‐	  element	  specific	  
-‐	  quan:ta:ve	  
-‐	  chemically	  specific	  
-‐	  surface	  sensi:ve	  
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X-ray Photoelectron Spectroscopy: Depth Profiling 

Si 

SiO2 

Si4+ Si0 

hν = 720 eV 

hν = 290 eV 

Si 2p 



Fundamental limit: 

elastic and inelastic  
scattering of electrons  
in the gas phase 

Ambient Pressure XPS:  Obstacles 

inelastic scattering 
is mostly due to  
ionization of gas phase 
molecules 

For calculations of total ionization cross sections see:  Kim&Rudd, Phys. Rev. A 50, 3954 (1994). 

ionization cross section depends on molecule:  H2 < He < O2 < CH3OH  



LBNL/FHI	  Berlin/Specs	  

Berkeley/Berlin Ambient Pressures XPS Design 

D.F. Ogletree, H. Bluhm, G. Lebedev, C.S. Fadley,  
Z. Hussain, M. Salmeron, Rev. Sci. Instrum. 73 (2002) 3872. to pump to pump 

X-rays from synchrotron 

p0 p1<< p0  p2<< p1  

hemispherical 
analyzer 

Current	  pressure	  limit	  ~5	  Torr	  
With	  5	  μm	  aperture	  and	  beam	  size	  ~100	  Torr	  
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Ambient	  Pressure	  XPS	  Instruments	  at	  Synchrotrons	  

Lund/Sweden	  

Barcelona/Spain*	  

Dortmund/Germany	  

LBNL,	  Berkeley,	  CA	  

BNL,	  Upton,	  NY*	  

SSRL,	  Stanford,	  CA	  

Berlin/	  
Germany	  

Campinas/Brazil*	  

!
Oxfordshire/UK**	  

*in	  commissioning;	  **funded	  

Villigen/Switzerland**	  

FHI/Berlin	  

Tsukuba/Japan	  



Examples	  for	  the	  Applica:on	  of	  Ambient	  Pressure	  XPS	  

Reac:on	  of	  water	  with	  oxides	  and	  metals	  
(Brown,	  Salmeron,	  Nilsson,	  Held,	  St.	  Gobain	  )	  

Fuel	  cells	  
(U	  Maryland,	  Sandia)	  

Chemistry	  of	  ice	  surfaces	  
(Ammann,	  Newberg)	  

HCl,	  HNO3	  

Chemistry	  of	  solu:on	  surfaces	  	  
(Hemminger,	  Ghosal,	  Krisch)	  

Heterogeneous	  chemistry	  	  
of	  soot	  par:cles	  (Wilson)	  

+	  OH*,	  O3	  
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Heterogeneous	  catalysis	  (Somorjai,	  
Salmeron,	  Besenbacher,	  de	  Groot,	  	  
Lundgren,	  Nilsson,	  Starr)	  	  



Surface	  of	  Aqueous	  
Solu:on	  



E.M. Knipping et al.,  Science 288, 301 (2000) 



Kinetics of Heterogeneous Reactions at Liquid/Vapor Interfaces 

Liquid droplet is in equilibrium 
with its vapor 

Short irradiation of droplets 
(~µs)  
→  no beam damage 

Continuously refreshed 
samples 
→  contamination-free surface 

Many types of liquids can be  
investigated 
→  aqueous solutions, acids, 
fuels 

Droplets are stable over long 
distances: Variable droplet 
gas interaction time 
→ Kinetics of gas uptake by 
droplets 

D.E. Starr, E.K. Wong, D.R. Worsnop, K.R. Wilson, H. Bluhm, Phys. Chem. Chem. Phys. (2008). 
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Droplet Train/APXPS:  Proof-of-Principle Experiments 

Droplet Velocity:  1870 cm/s 

Typical operating conditions 

Flow rate:  2.2 ml/min 
Piezoelectric driving frequency:  54 kHz 
Orifice diameter:  50 µm 

Surface Temperature Equilibration Time: ~ 0.5 ms 

Time of travel from Orifice to Measurement 
Position (~ 3 cm): 1.6 ms 

aperture 

e- 

hν 

40% Ethanol 
4.3 torr @ -5.3 °C 

D.E. Starr, E.K. Wong, D.R. Worsnop, K.R. Wilson, H. Bluhm, Phys. Chem. Chem. Phys. (2008). 
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Oxida:on	  of	  Soot	  	  



Reac:on	  of	  Carbonaceous	  Aerosols	  with	  O3	  and	  OH	  

Diesel	  Soot	  
mpch-‐mainz.mpg.de/~gth/	  

Coronene	  (C24H12)	  +	  O3,	  OH	  -‐-‐>	  ?	  



Bulk	  Measurement	  of	  Soot	  Oxida:on:	  Aerosol	  Mass	  Spectroscopy	  

Vacuum	  Ultraviolet	  AMS	  
Chemical	  Dynamics	  Beamline	  

Advanced	  Light	  Source	  



Center for Fuel 
Cell Research 

Growth	  of	  Monolayer	  Coronene	  on	  Ag(111)	  

Coronene	  (C24H12)	  
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Thermal evaporation  
(~440 K)  on Ag(111)  

Ag(111)	  

more	  vola:lized	  

less	  vola:lized	  

e-‐	  
e-‐	  

more	  vola:lized	  

less	  vola:lized	  

e-‐	  
e-‐	  

coronene	  
CxHyOz	  

Volatilization can be determined using thin (d<λ) films  

Bulk	  coronene	  sample	   vs.	  	  	  	  	  	  	  	  	  	  	  	  Thin	  film	  coronene	  sample	  



Reac:on	  of	  Coronene	  with	  OH*	  

Mysak,	  Smith,	  Newberg,	  Ashby,	  Wilson,	  Bluhm,	  PCCP	  (2011).	  

total	  C+O	  
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OH	  concentra:on	  
	  ~	  109	  cm-‐3	  



Reac:on	  of	  Coronene	  with	  OH	  radicals	  

Mysak,	  Smith,	  Newberg,	  Ashby,	  Wilson,	  Bluhm,	  PCCP	  (2011).	  

-‐	  Carbon	  loss	  starts	  immediately	  
-‐	  Ini:al	  growth	  through	  oxygen	  	  
	  	  incorpora:on	  
-‐	  Mass	  loss	  starts	  at	  O/C	  ~	  0.6	  to	  0.7	  
-‐	  Compe::on	  between	  func:onaliza:on	  
	  	  and	  vola:liza:on	  

!"#$%&$'()$
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Diagnos:cs	  of	  Flames	  
Using	  So?	  X-‐ray	  

Absorp:on	  Spectroscopy	  	  



Application of Soft X-rays to The Investigation of Flames 
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