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Near ambient Pressure X-Ray Photoelectron Spectroscopy
Content

1. Photoelectric effect
1.1. Model for the photoelectric effect
1.2. First photovoltaic panel to charge a battery
1.3. Dember effect

2. Bohr model for the hydrogen atom
2.1. Quantum mechanical model of the atom
2.2. Electron binding energy
2.3. Geometrical representation of the orbitals
2.4. Electrons in solids

3. Photoemission
3.1. Mean free path of electrons in solids
3.2. Electron intensity vs. depth
3.3. Total angular momentum j
3.4. Electron emission
3.5. Electron binding energy

4. Electron Spectroscopy for Chemical Analysis (ESCA)
4.1. X-ray Source – X-ray anode (“lab source”)
4.2. Detecting electrons
4.3. Hemispherical electron analyzer
4.4. X-ray photoelectron spectroscopy (XPS)
4.5. Near ambient pressure XPS (NAP-XPS)
4.6. NAP-XPS analyzer 

5. Spectroscopy
5.1. Spin-Orbit peak splicng
5.2. Auger peaks
5.3. Electron binding energy
5.4. Elemental analysis
5.5. Chemical analysis
5.6. Chemical shids
5.7. Cross seceon of photoionizaeon

6. Other effects influencing the spectrum
6.1. Shake up and shake off 
6.2. Muleplet splicng
6.3. Plasmon loss
6.4. Charging and charge compensaeon

7. ApplicaLons
7.1. Electrode surface analysis
7.2. Surface atom core level shid
7.3. Disenguish different adsorpeon sites
7.4. Depth profiling



N
AP

-X
PS

 In
tr

od
uc

0o
n

Prof. Dr. Andreas ZÜTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553 ECOMATICS lecture 26. 9.  2024 3

1. Photoelectric effect
Electrons leave the metal surface if
condiPon: E(photon) > frequency threshold (n > nmin.)
The remaining photon energy is then transformed into kinePc energy of electrons
A single photon must transmit enough energy to a single electron

Photoelectric effect (potassium)

Ek = h·n - Eb

Eb : binding energy of electron
Ek = ½·m·v2, kinetic energy of electron
c = l·n ..... c = 3·108 m·s-1, photon
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• A photons in a light beam transmit its energy to an electron in the 
metal atom.

• The excited electron escapes the a7racUon of the nuclei and leaves 
the surface of the metal.

• This is an interacUon between a one photon and one electron.
• The photon's energy (EP) must be greater than a threshold energy 

(Eb). The excess energy is transferred to the electron in the form of 
kineUc energy (Ek). me = mass of electron

v = speed of electron
h : constante de Planck = 6.63 ·10-34 J.s
e : charge of electron 1.60217662 · 10-19 A·s

1.1. Model for the photoelectric effect

h·n = Eb + Ek ⟶ h·n = Eb + ½·m·v2

adjustable potenUal (U)

incoming
photon (h·n)

measured 
current (I)

Albert EINSTEIN
Nobel prize in Physics 
(1921)



11
. P

ho
to

vo
lta

ics

Prof. Dr. Andreas ZÜTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553 EPFL: ChE 414 Thermodynamics of energy conversion 7. 5.  2024 5

AT&T Bell Laboratories, Murray Hill, NJ, USA, advertisement for first commercial photovoltaic cells (Look 
magazine, 1956)

1.2. First photovoltaic panel to charge a battery
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Photoelectric effect

1) What is the significance of the minimum frequency?
2) What is the significance of the slope of the straight line?

Question

U.

minimum frequency

straight line     
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me = mass of electron
v = speed of electron
h : constante de Planck = 6.63 ·10-34 J.s
e : charge of electron 1.60217662 · 10-19 A·s

Photoelectric effect

1) What is the significance of the minimum frequency?
h·nmin. = Eb (Ek = 0)

2) What is the significance of the slope of the straight line?

Answer
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Harry Dember (* 11. Juli 1882 in 
Leimbach; † 22. März 1943 in 
New Brunswick, New Jersey

1.3. Dember effect
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Ionization: E = 0 for n = infinite

RH = 2.179 · 10-18 J = 13.6 eV
Rydberg constant

n = 1-RH/12
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-1
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En
er

gy
 [e

V
]

-RH/22 n = 2

n = 3-RH/32
-RH/42 n = 4

Energy varies with 1/n2

Minimum energy = -13.6 eV

Niels Bohr
1885 - 1962

2. Bohr model for the hydrogen atom
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Spin ms: ±1/2

 
H ψ (r,t) = Eψ (r,t)

(Ψ = Wave function)

Erwin Schrödinger 
(1926)

↑↓

↑↓

↑↓ ↑↓ ↑↓

↑↓

↑↓ ↑↓ ↑↓

↑↓ ↑↓ ↑↓ ↑↓ ↑↓

K

L

M

Number of 
electrons: 2n2

2.1. Quantum mechanical model of the atom

Shell (size) shape         orienta:on         
OrbitalPrincipal Secondary
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Ref: h6ps://www.globalsino.com/EM/page3959.html

2.2. Electron binding energy
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2.3. Geometrical representa2on of the orbitals

Interpretation of Ψ: 
Ψ2(x) electron presence probability density P = Ψ(x)

2

x1

x2

∫ dx
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2.4. Electrons in solids

Metal Half metal Semiconductor Insulator

CB
CB

CB

High 
Temperature

Egap

Fermi
Level

f(E)

At absolute 
zero, 0K

0K

Valence band

ConducWon 
band

f(E)

300K

Valence band

Conduction 
band

f(E)

1000K

Valence band

ConducWon 
band
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3. Photoemmission
Photoemission process – Spicer’s 3-step modelPhotoemission energy levels

Metal

Semi-
conductor
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3.1. Mean free path of electrons in solids

M
ea

n 
fre

e 
pa

th
 (l

) [
nm

]  
   

   

Ek [eV]                   
Ref.: Ch. Ki:el, Einführung in die Festkörperphysik, Oldenbourg , 1999. 
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3.2. Electron intensity vs. depth

Ref.: Ch. Ki9el, Einführung in die Festkörperphysik, Oldenbourg , 1999. 

θ
d

I = I0·e
-d/(λ·cos(θ))
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Ref: h6p://hyperphysics.phy-astr.gsu.edu/hbase/quantum/vecmod.html#c2

3.3. Total angular momentum j

L = orbital angular momentum quantum number

L symbol J
0 s no splitting
1 p 1/2, 3/2
2 d 3/2, 5/2
3 f 5/2, 7/2

2p½ J = total angular momentum quantum number
J = L + S = l ± ½

n = principal quantum number (1, 2, 3 .....
S = spin quantum number (-½ or +½)

When orbital angular 
momentum L and electron 
spin angular 
momentum S are combined 
to produce the total angular 
momentum of an atomic 
electron, the combina0on 
process can be visualized in 
terms of a vector model. 
Both the orbital and spin 
angular momentum are seen 
as precessing about the 
direc0on of the total angular 
momentum J.
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Ref: http://www.xpsfitting.com/2009/03/auger-process-and-notation.html, https://ywcmatsci.yale.edu/principle

3.4. Electron emission

Vacuum

X-ray
photoelectron Auger electronUV photoelectron

Ioniza=on Relaxa=on and Emission

X-ray 
fluorecence1s

2s

2p

VB
EF

2p3/2

2p1/2

hn j

hne-
L1

L2

L3

Eb

2p3/2

2p1/2

j

hn
K
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Ref: h6ps://www.globalsino.com/EM/page3959.html

3.5. Electron binding energy
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Question
1) Compare the number of collisions of gas molecules per unit area with the number 

of surface atoms in the same area?

2) What is the mean free path of an electron in air?
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Answer
1) Compare the number of collisions of gas molecules per unit area with the number 

of surface atoms in the same area?

2) What is the mean free path (l) of an electron in air?

The mean free path is 

where n is the number density and s is the collision cross section.

surface atoms = (r/M)2/3

= 2·1019 atoms/m2 = 2·1015 atoms/m2



N
AP

-X
PS

 In
tr

od
uc

0o
n

Prof. Dr. Andreas ZÜTTEL, e: andreas.zue7el@epfl.ch, m: +41 79 484 2553 ECOMATICS lecture 26. 9.  2024 22

4. Electron Spectroscopy for Chemical Analysis (ESCA)

Kai Siegbahn 
Noble prize 1981

Kai and Manne Siegbahn at the 
first ESCA spectrometer at the 
Department of Physics in Uppsala, 
Sweden.

Energy: element and chemical state
Intensity: concentra=on
Angle: loca=on

electron

photon

sample

Ref: Grzegorz Greczynski, Richard T. Haasch, Niklas Hellgren, Erik Lewin & Lars Hultman , “X-ray photoelectron 
spectroscopy of thin films”, Nat Rev Methods Primers 3, 40 (2023). h\ps://doi.org/10.1038/s43586-023-00225-y

Ultra high vacuum: electrons, sample surface 
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Ref.: h7ps://www.thermofisher.com/it/en/home/materials-science/learning-center/surface-analysis/x-ray-
generaCon.html; h7p://pd.chem.ucl.ac.uk/pdnn/inst1/xrays.htm

4.1. X-ray Source – X-ray anode (“lab source”) 
8 keV
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Ref.: F. Müller, Saarland University
hBps://www.specs-group.com

4.2. Detec)ng electrons
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4.3. Hemispherical electron analyzer

DE = energy resolu8on
E0 = electron energy
W = slit width
R = mean radius
a = acceptance angle

Electrostatic lenses focus electron to the detector
Electron kinetic energy is adjusted to the same pass 
energy (Ep)
To improve resolution:
• lower pass energy
• Decrease slit width
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4.4. X-ray photoelectron spectroscopy (XPS)
Sample environment: 
• Electrons need to travel to the detector
• Sample surface needs to remain unchanged during the analysis
• XPS needs ultra-high vacuum chamber (10-8 - 10-10 mbar)



N
AP

-X
PS

 In
tr

od
uc

tio
n

Prof. Dr. Andreas ZÜTTEL, e: andreas.zue7el@epfl.ch, m: +41 79 484 2553 ECOMATICS lecture 26. 9.  2024 27

4.5. Near ambient pressure XPS (NAP-XPS)
Real sample environment: 
• Electrons need to travel to the detector (UHV)
• Sample surface needs to interact with gas during the analysis
• NAP-XPS needs sample chamber and ultra-high vacuum analyzer 

Ref.: Hans Siegbahn and Kai Siegbahn, “ESCA applied to liquids”, Journal of Electron Spectroscopy and Related 
Phenomena, 2:3 (1973), pp. 319 - 325

The first AP-XPS instrument was built by 
Kai Siegbahn’s group in the 1970’s 
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4.6. NAP-XPS analyzer 

Ref.: Perez-Dieste, V. & Aballe, Lucia & Salvador, Ferrer & Nicolas, Josep & Escudero, Carlos & Milán, A & Pellegrin, 
Eric. (2013). Near ambient pressure XPS at ALBA. Journal of Physics: Conference Series. 425. 072023. 10.1088/1742-
6596/425/7/072023. 
Tomáš Hrbek, Peter Kúš, Miquel Gamón Rodríguez, Vladimír Matolín, Iva Matolínová, “Operando X-ray photoelectron 
spectroscopy cell for water electrolysis: A complete picture of iridium electronic structure during oxygen evolu0on 
reac0on”, Interna0onal Journal of Hydrogen Energy, 57, 29 February 2024, Pages 187-197
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5. Spectroscopy Measurement: Intensity vs. kin. energy

Ref.: 
h7ps://www.bnl.gov/nsls2/userguide/lectures/lec
ture-6-waluyo.pdf

Calculation: 
Intensity vs. binding energy
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5.1. Spin-Orbit peak spli3ng

Ref.: 
h7p://www.cityu.edu.hk/phy/appkchu/ap5301/L
ecture-11-XPS.pdf

Doublets (two peaks) are always 
observed for p, d, f orbitals 

l-s coupling: j = l + s
s = ± ½
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5.2. Auger peaks
Measurement: Intensity vs. kin. energy

Intensity vs. binding energy

Ref.: 
h7ps://www.bnl.gov/nsls2/userguide/lecture
s/lecture-6-waluyo.pdf

Auger peaks
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5.3. Electron binding energy

Ref.: h7ps://xdb.lbl.gov/Sec0on1/Table_1-1.pdf 
From X-ray Data Booklet: h7ps://xdb.lbl.gov
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5.4. Elemental analysis

Ref.: Spectra from IOS (23-ID-2) beamline, NSLS-II

Nickel-Chromium alloy 
– corrosion resistant 
material 

Pt/CeO2/TiO2
catalyst for methanol 
producSon 
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5.5. Chemical analysis

Ref.: K. Siegbahn, J. Electr. Spectrosc. Relat. Phenom., 5, 3 (1974), Zhang et al. IEEE Trans. Instrum. Meas., 66 1297 (2017)

Binding energy of an electron is affected by 
the chemical environment of the atom
• Energy shift can be up to 10 eV
• This makes XPS a powerful tool for chemical 
analysis
• You can tell the chemical bonding of the 
probed atom
• Bonding to a more electronegative atom a 
shift to higher binding energy

In general, higher oxida[on state causes a shi\ to higher binding energy, but... alkali 
metals behave the opposite way 
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5.6. Chemical shi.s
Silicon (si 2p) in compounds

Gold (Au 4f) in compounds

Ref.: 
h7p://www.cityu.edu.hk/phy/appkchu/ap5301/L
ecture-11-XPS.pdf
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5.7. Cross section of photoionization

Ref.: h7ps://vuo.ele7ra.eu/services/elements/WebElements.html

Cr
os

s s
ec

0o
n 

[M
ba

rn
]

Cr
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s s
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0o
n 

[M
ba

rn
]

Energy [eV]Energy [eV]

The photoioniza0on cross sec0on σ(ω) is defined as the 
probability per unit area that a photon with a par0cular 
energy will excite an electron and depends on the photon 
energy and the element.

The cross section is measured in barn (symbol: b) is a 
metrric unit in area equal to 10−28 m2 (100 fm2).
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5.8. Cross sec+on of different photoelectrons 

Ref.: h7ps://vuo.ele7ra.eu/services/elements/WebElements.html
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6. Other effects influencing the spectrum 
Shake up and shake off Mul;plet spli<ng

Plasmon loss Charging and charge compensation
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6.1. Shake up and shake off 

Ref.: Khalakhan et al. J. Elect. Spectrosc. Relat. Phenom. 246, 147027 (2021)

Extra "satellite" peaks appear on the lower 
kinetic energy (higher binding energy side)
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6.2. Mul(plet spli.ng

Ref.: h7ps://www.thermofisher.com/it/en/home/materials-science/learning-center/surface-analysis.html

Observed for compounds that have unpaired 
electrons in the valence band
Unpaired core electron interacts with unpaired valence 
electron, creating multiple possible final states
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6.3. Plasmon loss

Ref.: h7ps://www.thermofisher.com/it/en/home/materials-science/learning-center/surface-analysis.html

Usually observed for metallic surfaces. Outgoing photoelectron excites collective 
oscillations of electrons in the conduction band. 

Can be strong for Al, which can 
interfere with other peaks in the region 

Photoelectron suffers energy loss and 
extra peaks appear at low KE/high BE 
at discrete energy values. 
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Ref.: https://iopscience.iop.org/book/mono/978-1-6270-5306-8/chapter/bk978-1-6270-5306-8ch4

Photoioniza0on process causes posi0ve charge on the 
surface
• For grounded electrically conduc0ve samples, the charge is 

automa0cally neutralized
• For semi-conduc0ve and insula0ng samples, the posi0ve charge 

accumulates, photoelectron kine0c energy decreases
• Effect: shiR to higher binding energy, peak broadening, double 

peaks, some0mes no peaks at all
XPS of Supported Catalysts
• Charge compensa0on: add electrons back to the 
sample (use an electron flood gun, or with the 
presence of ambient gases)

6.4. Charging and charge compensation
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7. Applica*ons

Quantitative analysis Chemical state of atoms

Chemical composition of materials Ab- and Adsorbents

Ix = J·cx·l·s·K
Ix = peak intensity of element x 
J = photon flux 
cx = concentration of element x 
l = inelastic mean free path
s = photoionization cross-section 
K = instrumentation factors 
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7.1. Electrode surface analysis

Ref.: Ryland C. Forsythe, Connor P. Cox, Madeleine K. Wilsey, Wanqing Yu, Astrid M. Müller, “High Surface Area 
Assemblies of Gold Nanoparticles on Hydrophilic Carbon Fiber Paper with Ionomer Overlayers for Aqueous CO2

Reduction Electrocatalysis to Clean Syngas”, Topics in Catalysis (2024) 67:344–362

Surface analysis before and a\er electro-
reduc0on revealed that the detachment of 
citrate capping ligands enhanced the amount of 
exposed surface gold and concomitantly 
increased the CO-to-H2 ra0o in subsequent CO2

reduc0on electrocatalysis. 
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7.2. Surface atom core level shi4

Ref.: Gustafson et al. Phys. Rev. Let. 91, 056102 (2003); Simonovis et al. J. Phys. Chem. C 126, 7870 (2022)

Surface atoms of a metal can have distinct 
binding energy from the bulk atoms

Surface peak is shi4ed by adsorbed 
molecules

CO

Pd

Pd
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7.3. Distinguish different adsorption sites

Ref.: Toyoshima et al. Phys. Chem. Chem. Phys. 16, 23564 (2014)

Oxygen in CO on bridge (B) and top (T) site Binding of the C to the Pt
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7.4. Depth profiling

Ref.: Premkumar et al. Commun. Mater. 2, 72 (2021), Di Bernardo, Iolanda “Non-disrup0ve techniques for depth 
profiling in photoemission spectroscopy.”, Nat Rev Phys 3, 459 (2021). 

Change photon energy Change emission angle Spu8ering
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Introduction to near-ambient pressure x-ray 
photoelectron spectroscopy characterization of 
various materials 
Special Collection: Near-Ambient Pressure x-ray Photoelectron Spectroscopy 
Characterization of Various Materials 

Dhananjay I. Patel; Tuhin Roychowdhury; Varun Jain; Dhruv Shah; 
Tahereh G. Avval; Shiladitya Chatterjee; 
Stephan Bahr; Paul Dietrich   ; Michael Meyer; Andreas Thißen; 
Matthew R. Linford 

Ref.: h7ps://pubs.aip.org/sss/collec0on/1638/Near-Ambient-Pressure-x-ray-
Photoelectron
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