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f = final states

i = initial states

p = momentum of photoelectron 

A = vector potential of photon
(Electric fields)

Photoelectric Effect : Einstein (1905)

E(K.E.) = E(hv) – E(B.E.) – Work function
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X-ray Photoelectron Spectroscopy (XPS)

Zahid Hussain, ALS
Nobel Prize (1981)  K. Siegbahn (Sweden) 
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It requires UHV chamber system for quality work
= Impossible to work on liquid/solid interface system

Collisions with gas molecules

Limitation of XPS : 

Inelastic scattering with gas molecules in the air



Ambient pressure soft x-ray spectroscopy: 
Differentially pumped electron transport
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First Ambient Pressure XPS :
Differential Pumping and Electrostatic Lens

Analyzer lens 

pumped 

independently

Experimental 

cell supplied 

by gas lines
Sample holder with 

X,Y,Z,& theta motion and 

resistive heater

X-rays incident at 

15° through a 
100 nm Al window Differential

pumping

D. Ogletree, H. Bluhm, G. Lebedev, Z. Hussain, C. Fadley, M. Salmeron,

Rev. Sci. Inst. 73(2002) 3872

P max= ~ 10 Torr



(NAP-XPS :Near Ambient Pressure XPS)

Specs SystemSpecs (2004)
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David Starr, Hendrik Bluhm



Scienta (2008)
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Zhi Liu, Michael Grass, Simon Mun, Zahid Hussain
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AP-XPS around the world (2020)

Joachim Schnadt, Lund Univ./ MAX IV



15

Various areas of APXPS applications (2020)

Joachim Schnadt, Lund Univ./ MAX IV
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Fields of Science with AP-XPS :
Energy and Environment

Batteries & Fuel cell Corrosion WaterCatalysis CO2 conversion

Courtesy of Prof. Zhi Liu (Shanghai Tech.)



Nanoparticle under 

Reaction conditions

Surface reaction under

Reaction conditions
Liquid-Solid Interface

Early studies with AP-XPS at ALS



Challenges of AP-XPS 

a. Pressure Gap: What’s really happening at 1 Bar?

b. Liquid/Solid Interface or Liquid Phase: 
Can we monitor/control the liquid surface at equilibrium ? 

c. Time-resolved surface reaction dynamics under reaction 
condition



Hard X-ray : Increasing Inelastic Mean Free Path (~ 9 KeV)

S. Tanuma, C. Powell, and D. R. Penn Surf. Interface Anal., 43,689(2010)

Ratio = e-d/λ

λ ~ 10 ± 1 nm

Clearly we can get to 

information of buried interface 

of 10nm under, maybe even 

20nm…

Pressure Gap



Tender X-ray AP-XPS at 2Bar pressure at DESY (2019)
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Pressure Gap



Tender X-ray AP-XPS at 2Bar pressure at DESY (2019)
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Tender X-ray AP-XPS at 2Bar pressure at DESY (2019)       
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Electron Energy Loss due to He gas

Photon Energy = 3750 eV





Hard X-ray AP-XPS Endstation at Spring-8, Japan (2023)
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Environmental XPS

(so-called In-Air XPS)

Photon Energy = 8 KeV

Pressure Gap

Courtesy of Dr. O. Seo (JASRI)



Hard X-ray AP-XPS Endstation at Spring-8, Japan (2023)
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Photon Energy = 8.0 keV



Challenges of AP-XPS 

a. Pressure Gap: What’s really happening at 1 Bar?

b. Liquid/Solid Interface or Liquid phase: 
Can we monitor/control the liquid surface at equilibrium ? 

c. Time-resolved surface reaction dynamics under reaction 
condition



Electrochemistry : Can we observe electrochemical double layer ?
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Liquid/Solid Interface

Courtesy of Prof. Zhi Liu (Shanghai Tech.)



Tender X-ray : Increasing Inelastic Mean Free Path (3~5 KeV)

S. Tanuma, C. Powell, and D. R. Penn Surf. Interface Anal., 43,689(2010)

Ratio = e-d/λ

λ = 5.9 ± 1 nm

Clearly we can get to 

information of buried interface 

of 10nm under, maybe even 

20nm…

Study of Liquid/Solid Interface 

is possible.
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Electron Analyzer

Electrochemistry Set-Up

Thin Film Electrochemistry XPS

: Dip and Pull Method

[Scientific Report. (2015)]

ALS, BL9.3.1.



Three Electrode Dipping Stick

“Dip & Pull” to create thin meniscus 

Liquid-Solid interface (Electrochemistry)

Courtesy of Prof. Zhi Liu (Shanghai Tech.)
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Electrode-electrolyte interface characterization using APXPS under

 in-situ EC treatment

S. Axnanda, E. Crumlin, R. Chang, B. H. Mao, S. Rani, 

P. Ross, Z. Hussain, Z. Liu. Scientific Report. (2015) 33



M. Favaro, Z. Liu, E. Crumlin, Nat. Commun. 2016, 7, 12695. 

Electrochemistry : Can we observe electrochemical double layer ?



FHI-MPI, BESSY, Helmholtz Germany
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Micro-Cell with AP-XPS

Axel Knop-Gericke

Robert Schlögl

X-ray Absorption Spectroscopy
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Micro-Cell with AP-XPS



Liquid-Jet with AP-XPS

Matthew Brown

PSI, Switzerland



Liquid-Jet with AP-XPS



Challenges of AP-XPS 

a. Pressure Gap: What’s really happening at 1 Bar?

b. Liquid/Solid Interface or Liquid phase: 
Can we monitor/control the liquid surface at equilibrium ? 

c. Time-resolved surface reaction dynamics under reaction 
condition



Time-Resolved Study with AP-XPS

Time-resolved ambient pressure XPS setup: the simultaneous recording of the kinetic energy 

and the time stamp (tagging) of every electron relative to the trigger signal of the laser.



Event Average with external source of spectroscopic probing

Time resolution : ~20 micro second 
Pulse-trains and Pulses of CO onto O2/Pt(111)

= “Event Averaging” techniques

Time-Resolved Study with AP-XPS



Event Average with internal source of spectroscopic probing

Time resolution : ~158 ms 

Pulse-trains and Pulses of CO/O2 mixture and O2

= “Event Averaging” techniques

Time-Resolved Study with AP-XPS



Thank you

Q & A
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