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Surface Science

Nobel Prize for Gerhard Ertl

The Nobel Prize in Chemistry 2007 was awarded
to Gerhard Ertl
"for his studies of chemical processes on solid surfaces"

Catalysis

The ugly realityA good principle

Mittasch catalyst to generate ammonia 
via the Haber-Bosch process

…it’s complicated
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Irving Langmuir’s idea, Nobel Prize 1932

“Most finely divided catalysts must have structures of 
great complexity. In order to simplify our theoretical 
consideration of reactions at surfaces, let us confine our 
attention to reactions on plane surfaces. If the principles in 
this case are well understood, it should then be possible to 
extend the theory to the case of porous bodies. In general, 
we should look upon the surface as consisting of a 
checkerboard …”

The “surface science approach” is enabled by
UHV

clean sample preparation
and surface-sensitive methods

6

Surface Science in Action: Oxidation of Ruthenium
Oxygen uptake on Ru(0001), 
dosing 3 × 10−5 mbar of O2 at 680 Kintegral intensity of O 1s in XPS

Herd, Knapp, Over, J. Phys. Chem. C 2012, 116, 24649−24660 
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Computational Surface Science

𝑯𝚿 = 𝑬𝚿

Modelling surfaces and interfaces with electronic structure theory methods

𝒉𝒌𝒔𝝓𝒔 = 𝝐𝒔𝝓𝒔

𝑬𝐃𝐅𝐓[𝒏]
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Computational Surface Science Applications

Functional InterfacesSurface Nanoassembly CatalysisSurface Spectroscopy

e- e-

Hot Electron Catalysis

A

Science Advances (2021)

Surface Nanofabrication

Nanoelectrochemistry
J. Phys: CM 31, 044003 (2018)

Nature Commun. (2021)

Molecular Switches Nonadiabatic Effects in 
Gas-Surface Dynamics

JPCL 7, 2080-2084 (2016)

Chem. Matter 32, 1041-1053 (2020)
Angew. Chem. Int Ed (2025)

Ultrafast energy transfer

JPCL 9, 406-412 (2018)
Chem. Sci. 10, 1089-1097 (2019)

PRL 118, 256001 (2017) 
PRB 94, 115432 (2016)

Spectroscopic Signatures

PRX 9, 011030 (2019)

Nano Lett. 16, 1884–1889 (2016)

Molecular Rotors

PRL 116, 027201 (2016)

JACS Au (2021), Nanoscale (2021)
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Simulating Structure, Stability, Chemical Bonding at Surfaces

XPS/NEXAFS

Electronic 
Structure

Adsorption 
Structure

Charge transfer, 
energy level alignment

hybridisation

We have to get the 
surface structure, 

the electronic structure, and 
the spectroscopy right

Klein et al., J. Phys.: Condens. Matter 33, 154005 (2021)
Diller et al., J. Chem. Phys. 146, 214701 (2017)

Measuring signatures of surface chemistry
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Photoelectron Spectroscopy: The ultimate surface science tool

naphthalene

• Multiple 
chemical 
environments

• Clearly 
resolved peaks 

• π-conjugated 
molecule

• All carbons have 
similar chemical 
environment 

• Unable to 
distinguish due 
to experimental 
resolution

?

Problem 1: Relative Peak assignment

C1s XPS

ETFA
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Topology and Spectroscopy

Naphthalene (Np) Azulene (Az)

Klein et al., Phys. Rev. X 9, 011030 (2019)

NEXAFSXPS C1s

alternant non-alternant
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O/Ru(0001) vs. RuO2

Reuter, Scheffler, Surf. Sci. 490 (2001), 20-28
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15S. LIZZIT et al. PHYSICAL REVIEW B 63 205419 (2001)

16S. LIZZIT et al. PHYSICAL REVIEW B 63 205419 

DeltaSCF for XPS



9

17J. Chem. Phys. 150, 074104 (2019)

core

virtual

DeltaSCF for XAS

T. Mizoguchi, I. Tanaka, S. Gao and C. J. Pickard, J. Phys. Condens. Matter 21, 104204 (2009)
B. P. Klein, S. J. Hall and R. J. Maurer, J. Phys. Condens. Matter 33, 154005 (2021)

Core-level Simulation of XPS & NEXAFS

XPS BE- =
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Codes
www.fhi-aims.org

https://github.com/maurergroup/deltascf-aims

XPS

Hall et al., J. Phys. Chem. C 127, 1870–1880 (2023)

LUMO LUMO+1

LUMO+2

Initial states

Final states

NEXAFSUnpicking spectral contributions

Klein et al., J. Phys. Condens. Matter 33, 154005 (2021)
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Orientational/polarization dependence

Klein et al., J. Phys. Condens. Matter 33, 154005 (2021)

Chaudhuri, Hall, et al., Communications Materials  3, 6 (2022)

Problem 2:  Absolute referencing of binding energies
Example: Oxygen surface terminations of 
polished and acid-etched diamond (110)
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Surface Chemical Bonding – Quo Vadis? 

Müller, Diller, Maurer, Reuter, J. Chem. Phys. 144, 024701 (2016)

Porphine on Cu(111) & Ag(111)

Hybridisation and charge transfer

Diller et al., J. Chem. Phys. 146, 214701 (2017)

C 1sC 1s

Naphthalene Azulene

Np NpNpAz Az Az

Chem. Matter 32, 1041-1053 (2020)JPCC 123, 29219-29230 (2019) PRX 9, 011030 (2019)

Benedikt Klein

Michael Gottfried
(Marburg)

Sam HallDetailed experiment/theory characterisation: XPS, NEXAFS, XSW, UPS, TPD, LEED, STM, AFM, DFT, ...
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Naphthalene & Azulene: a playground to understand surface chemistry

Category 1 Category 2 Category 3
Hall et al., J. Phys. Chem. C 127, 1870–1880 (2023)

Category 1

• No significant charge transfer
• Little hybridisation
• Spectra only slightly broadened
• Dichroism unaffected

“Physisorption”

C K-edge
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Category 2

• Hybridisation for both Ag and Cu
• Only Az/Cu shows charge transfer
• Intensity of first peak diminished
• Dichroism also affected
• Neither clear case of “physisorption” nor “chemisorption”

Charge Transfer

C K-edge

Category 3: “Chemisorption”

Azulene Naphthalene

C K-edge
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A playground to understand surface chemistry

Category 1 Category 2 Category 3
“Physisorption” Charge Transfer “Chemisorption”

34S. J. Hall, B. P. Klein and R. J. Maurer, arXiv:2112.00876 

Accuracy of C1s XPS simulations
Prof. J Michael Gottfried

?

Dr. Benedikt Klein

Sam Hall
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What is the cause of the loss of 
the shoulder in the XPS?
– Error in structure?

– Electrostatic artefact from finite size effects?
– Interaction with the metal surface?
– Charging of periodic structure?
– Electronic structure - charge transfer?

35

Adsorption Height1 / ÅMethod

2.98Experiment 
(NIXSW)

2.94DFT (PBE+D3)

1. B. P. Klein et al., J. Phys. Chem. C, 123, 2019, 29219-29230.
2. S. J. Hall, B. P. Klein and R. J. Maurer, arXiv:2112.00876.

The missing shoulder in Az on Ag(111)?

Sam Hall
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Charge transfer?

S. J. Hall, B. P. Klein and R. J. Maurer, arXiv:2112.00876.

Gasphase Azulene
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Spurious charge transfer!

S. J. Hall, B. P. Klein and R. J. Maurer, arXiv:2112.00876.

ground-state DFT

core-hole excitation

Core-hole excitation in DFT introduces spurious charge transfer!

Sometimes it’s not a shoulder, it’s just beam damage
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Klein et al., ChemPhysChem 22, 1065-1073 (2021)

Azupyrene and Pyrene @Cu(111)

XPS NEXAFS

Klein et al., ACS Nano, 16, 8, 11979–11987 (2022)

??

Azupyrene – a molecular model of a Stone-Wales defect
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What is happening with azupyrene on Cu(111)

• Only partial desorption
• H2 evolution

TPD XPS

• Bond with the surface strong 
enough to enable dehydrogenative 
coupling

• But what is the result?
??????

The Beauty of Imperfection: Topological Design of Defective Graphene

F. Huang, et al., J. Am. Chem. Soc., 2018, 140, 13142-13146

Single Atom Catalysis
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Growing defective graphene from azupyrene?

??

Azupyrene

Benedikt Klein

Matt Stoodley

David Duncan 

High T
deposition
on Cu(111)

Proving graphene synthesis using azupyrene

1.  Moire pattern visible in STM 2.  Rings in LEED

63 eV

3.  Sharp peak in C 1s XPS

4.  Specific Raman peaks 5.  Dirac cone in ARPES 6.  Atomic resolution, LT-STM

90×90 nm2
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Ruan, Sun, Peng, Tour, ACS Nano 2011, 5, 9, 7601–7607

Is there anything that doesn’t convert to graphene on copper?

+H2
+1000 °C

Synthesis of defective graphene networks using

300 K

Continuous deposition onto Cu(111)
At elevated temperature

Unreacted molecules Dendritic network Closed islands Ideal graphene

????

Room temperature STM images, taken in the SIL, DLS
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Identify the graphene-like networks via HR-XPS

47

300 K

Unreacted molecules Dendritic network Closed islands Ideal graphene

Taken at I09, h = 430 eV

XPS – exp & theory

B.P. Klein et al., Chemical Science 16 (41), 19403 (2025)

Dylan Morgan

ΔSCF(PBE)
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NEXAFS measurements of the graphene-like networks
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300 K

Unreacted molecules Dendritic network Closed islands Ideal graphene

Taken at FlexPes beamline, MAX IV, Partial yield detection

NEXAFS – exp & theory

B.P. Klein et al., Chemical Science 16 (41), 19403 (2025)
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Quantitative Structure Determination – X-ray Standing Waves
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Defect quantification: nc-AFM

Sample size ~150 rings each

dendritic

49 ± 3%    5/7-rings

defective

16 ± 1%    5/7-rings

B.P. Klein et al., Chemical Science 16 (41), 19403 (2025)
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Design of functional
nanostructures

Computational Surface Science group

Ultrafast energy transfer & surface spectroscopy

Thank you for 
your attention!


