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https://xpssimplified.com/whatisxps.php

X-ray Photoelectron Spectroscopy

Photoelectric effect

Einstein, Nobel Prize 1921

Photoemission as an analytical tool

Kai Siegbahn, Nobel Prize 1981

J. Phys.: Condens. Matter 2015, 27, 083003

Sample 

Analyzer

Conventional XPS needs to be performed in an environment

better than high-vacuum to eliminate the electron-gaseous

molecule scattering problem and be used to study the

chemical state and elemental composition of surface layers in

solid samples.

Energy 

conservation law:

𝐸𝑘𝑖𝑛
′ = h - Eb-s

https://xpssimplified.com/whatisxps.php


Keys to the elemental analyses: electronic binding 

energies of the elements

Handbook of X-Ray Photoelectron Spectroscopy, J.F. Moulder et al., Physical Electronics, Inc., 

Eden Prairie, MN, USA (1992) 



Binding Energy



Binding energy shift vs. the localized charge on 

a core level

• Neglect electronic relaxation in the core-

ionized final state.

• In the “charge potential model,” the 

observed binding energy EB is related to 

a reference energy      (neutral atom), 

the charge qi on atom i, and the charge 

qj of the surrounding atoms j at distance 

rij, as follows: 

where k is a constant.
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Binding Energy Shifts  (Chemical shifts)

Initial State Effect



1.Photoemission peaks
•Intense & Narrow
•Shifted by the chemical effect

2.X-ray satellite peaks
•Not observed with a monochromatized source
•Always the same energy shift from the photoemission peak

3. Photon-induced Auger lines
4. Inelastic scattering background
5. Valence band features
6. Spin-orbit coupling
7. Multiples splitting
8.*Shake-up satellites and shake-off satellites
9.*Plasmon loss peaks

(*Loss process)

Features observed in XPS spectra



Spin-orbit (j-j) coupling

(4  :   6)

Spin-orbit splitting value

l : angular momentum number,

s: spin momentum numberAll core levels except the s levels (l = 0) give rise to a doublet with the 

two possible states having different binding energies. 

Spin orbital splitting and peak area

ratios assist in element identifications



Final State Effect

Relaxation effects can have a significant impact on the measured EB. In all cases the 

electron rearrangements (core hole) that occur during photoemission result in the 

lowering of EB.  (Cu, Co, Ni….)

https://xpssimplified.com/elements/copper.php
metallic Cu (Cu0) and Cu2O (Cu+1) have the similar Eb



Multiplet splitting arises when an atom contains unpaired electrons (e.g. Cr(III), 3p63d3). 

When a core electron vacancy is created by photoionization, there can be coupling between 

the unpaired electron in the core with the unpaired electrons in the outer shell. This can 

create a number of final states, which will be seen in the photoelectron spectrum as a multi-

peak envelope.

Multiplet splitting 



Photoelectron spectrum with shake-up and shake-off 

satellites

Peaks are most apparent for 

systems with aromatic structure, 

unsaturated bonds, or transition 

metal ions. 

Shake-up: Photoelectrons have lost energy through promotion of valance electrons form  an 

occupied energy  level to  an unoccupied higher level

Shake-off: Departing photoelectron transfers sufficient energy  into the valance electron to 

ionize it  into continuum state



Plasmon loss peaks

The conduction electrons in metals, in contrast to being localized on each atom, have 

been likened to a ‘sea’ or continuum. Characteristic collective vibrations have been 

noted for this continuum of electrons and are referred to as plasmon vibrations. In 

some cases, the exiting photoelectron can couple with the plasmon vibrations leading 

to characteristic, periodic energy losses.



XPS is a powerful surface analysis technique.



Inelastic Mean Free Path and  Sampling Depth

● Inelastic Mean Free Path (): 

The average distance that an electron 

with a given energy travels through a 

solid before losing energy.

(depend on density, composition, and 

structure of the material being 

analyzed)

● Sampling Depth: ( = 0。)

= 3

(the depth from which 95% of the  

photoemission has taken place.)

● Most λ‘s are in the range of 1 – 3.5 

nm for Al Kα radiation

● So the sampling depth (3λ) for XPS 

under these conditions is 3-10 nm

d =3, Iko=0.95I0o

d =2, Iko=0.84I0o

Beer-Lambert law (or 

Beer's law) : the relationship 

between absorbance and 

concentration of an absorbing 

species.



Inelastic Mean free path of electrons () in different solids 

as a function of kinetic energy of electrons (universal 

curve), a key to surface sensitivity

; the average distance travelled by a given electron between two successive 

collisions with the other electrons of the solid atoms. 

Surface senesitive:

h = Eb+ 30~100 eV



Peak widths and Intensities 

Peak widths: The contributions that the intrinsic and instrumental effects make to the peak 

width are given, to a first approximation, by:

Synchrotron X-ray

: Resolving Power 

E/dE= 8000 ~ 10000

(BL24A @ NSRRC)

E= 400 eV, 

dE= 400/8000=0.05 eV

Al Ka1 with quartz monochromator: ~0.3 eV

Thermal broadening:

0.1 eV at 300 K



Energy resolution:

Where Epass is the pass energy of the analyzer, R0 is the mean radius

(= ½ (Rin+Rout)), w1 and w2 are the widths of entrance and exit slits, 

respectively, a is the half acceptance angle in dispersion direction.

HEMISPHERICAL ENERGY ANALYZER 
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The C1s spectrum (resolved into component peaks) for the hard-segment 

polyurethane



Intensities
For a Homogeneous sample: 

I = N·σ·D·J··λ·A·T

where: N = atoms/cm3, the number of atoms of the element per cm3

σ = photoelectric cross-section for the atomic orbital of interest in cm2

D = detector efficiency 

J = X ray flux, photon/cm sec X-cm2-sec

(L) = the emission angle of the electron with respect to the surface 

normal

 = inelastic electron mean free path, 

A = analysis area, cm2

T = analyzer transmission efficiency

N = I/σ·D·J··λ·A·T

Let, S = σ·D·J··λ·A·T ----elemental sensitivity factor

N = I/S

Relative Concentration (Cx) of observed elements  as a 

number fraction by:

Cx = Nx/ Nx, 

Cx =Ix/Sx/ Ix/Sx, 

The values of S are based on empirical data

(Spectrometer- dependent)

Fixed Photon energy





Depth Profiling

The sample angle, , is defined relative to the normal to the surface

1. Using different X-ray  

energy

2.Rotating sample rod

3.Ion-sputter sample 

surface
75°

(1)

(2)

maintaining the X-ray source and detector in fixed

positions, the effective sampling depth decreases 

by a factor of cos θ

(2)



Information Provided by XPS



Advantage of synchrotron radiation over lab-based  

x-ray sources in photoelectron spectroscopy 

● High flux and brightness
● Continuous source energy

▲ Much higher photoionization cross section can be realized

▲ Surface sensitivity enhanced by selecting favorable exit   

kinetic energy of electrons

● High energy-resolution spectroscopy work routinely  

achieved

● Cleaner light, without x-ray satellites found in the lab 

source

● Variable polarization



Benefits from Continuous source energy

1. More Surface  Sensitive

2. Non-destructive method for depth profiling

Mg Ka= 1253.6 eV,  C1s binding energy =285 eV,

Ek for carbon, 968.6 eV,  = 1.6 nm, Sampling depth = 4.8 nm

ESR = 340 eV, 

Ek for carbon, 55 eV,  = 0.5 nm, Sampling depth =  1.5 nm



Cross section defined as the transition probability per unit time for excitation of a single 

photoelectron from the core level of interest under an incident photon flux of #/cm2•s-1

Mg Al

Cross-section unit (from nuclear physics):

barn = 10-24 cm2, Mb=10-18 cm2.

3. Strong photon-energy dependence of photoionization cross section



Photoionization cross section of Li

0.001313 0.0007910.5707

~ 8  102

The photoionization cross 

section will be enhanced 

dramatically by using 

synchrotron radiation.



4. To Avoid the Auger electrons of Co overlap with Fe 2p peak 

Al Ka =1486.3 eV
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Surface and Interface Analysis, 2024



Energies and widths of commonly used soft x-ray 

sources

Al Ka1 with quartz monochromator: ~0.3 eV

Resolving power for  TLS 24A

S1=S2= 10 m,

h :~400 eV,  E/E=8000

→ E=0.05 eV

S1=S2= 10 m,

h :~850 eV,  E/E=6000

→ E=0.15 eV



Beamline Source Energy

(eV)

Major Technology

05B2 undulator 60- 1400 PEEM (TPS 27A2)

08B1 Bending 15- 200 ARPES

09A1, A2 undulator 60- 1500 SPEM, (XPS, XAS)

20A Bending 10- 1250 XAS, XPS

21B undulator 5- 100 ARPES

24A Bending 10- 1600 XPS, XAS

XPS End stations at TLS



Beamline 24 A at TLS 

Source Energy

(eV)

Focusing

Mirror

Focused Beam 

Size FWHM 

H  V (mm)

Resolving 

Power E/dE

BM 15 ~ 175

120 ~ 1600

Toroidal 

RFM

0.7  0.3 20000

8000



Six spherical gratings are used to cover photon energies 

from 15 to 1600 eV.

S1=S2=10 m



Conventional XPS endstation

(SPECS PHOIBOS  150 

analyzer)

APXPS endstation   

(SPECS PHOIBOS 150 

NAP analyzer)

End stations at BL24A of TLS



Beamline 24 A

Photoemission  Spectroscopy :

Conventional X-Ray  Photoemission Spectroscopy  (XPS)

Chemical state, Elements compositions, ….

(Near) Ambient pressure XPS

In-situ and in operando XPS measurements 

Ultraviolet Photoemission Spectroscopy (UPS)

Energy (eV): He lamp, He I : 21.21 eV,  He II: 40.2 eV

SR (Lower Energy branch): 15 – 175 eV

Valence band  information:

HOMO, Band structure, Work function…..

X-Ray  Absorption Spectroscopy  (Electron Yield):

Near Edge X-ray Absorption Fine Structure (NEXAFS)

Molecular Orientation, Molecular Fine Structure,….  

TEY  ~ 15 nm

PEY ~ 5  nm

AEY ~ 3 nm



Applications of Synchrotron _based  X-ray 

Photoelectron Spectroscopy (XPS) at the 

conventional XPS endstation of BL 24A



Water as an excellent structural stabilizer and orientation-directing agent of an amphiphilic

discotic molecule (AD) in the water-induced self-assembly (WISA) process.



C1s

O1s

Depth profile of XPS measurements applied with different X-ray excitation 

photon energies

h= 650 eV h= 1100 eV

Relative intensity area (Arel) of the hydrophobic

(green color) and hydrophilic segments (blue 

color) of the AD in C 1s spectra and H2O (red 

color) in O 1s spectra as functions of the probing

depth.



Chemical Engineering Journal  

2023, 464, 142613.



Depth profile of XPS measurements applied with different 

X-ray excitation photon energies



Strong catalyst-support interaction stabilizes the OER activity 

The binding strength of oxygen to the surface atoms:

Ir13> Ir9 on W18O49 > Ir9 on W18O49 -10 Ovac



Photon Energy: 200 eV 

Bi2Se3 thin film 80 nm.

Published by NCKU



Li  spectra

Published by NTUST



(Near) Ambient Pressure X-ray Photoelectron Spectroscopy 

(APXPS)

Introduction of Ambient Pressure XPS (APXPS)

Scientific Opportunities

APXPS End Station at NSRRC
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UHV-XPS v.s. (Near) Ambient Pressure XPS (APXPS)

UHV- XPS

APXPS 

Conventional-XPS needs to be 

performed in an environment better 

than high-vacuum to eliminate 

electron-gaseous molecule scattering 

problem, and be used to study  the  

chemical state and elemental 

composition of  surface layers in 

solid samples.

APXPS allows the photoemission 

spectroscopy to be carried out at an 

elevated pressure up to ~25 mbar, 

enabling an in-situ and in-operando 

investigation of gas-solid, liquid-solid, 

and liquid-gas heterogeneous 

reactions. 



Commercial 

Analyzer, 2005

Benefit from SR source:

◼ High Flux

◼ Small Photon Beam Size

◼ Continuous Source 

Energy

D. E. Starr, et al., Chem. Soc. Rev. 2013, 

42, 5833.

46

J. Phys.: Condens. Matter., 2020, 32, 

413003.

Introduction  of APXPS (II) 



Chamber A

Early design of APXPS instrument

Analysis 

chamber

H. Siegbahn, et al., J. Electron Spectrosc. Relat. 

Phenom., 1973, 2, 319.

One differential 

pumping stage

Operating pressure 

less than  1 torr

47

Differential pumping concept 

Chamber B

Differentially pumped vacuum systems 

use a small aperture or tube to connect two 

parts of a vacuum system at very different 

pressures.

Pa Pb

Q=C(Pb-Pa), Q=SPb,

If Pa= 1mbar, viscous flow, (aperture)

C=135*d3* (Pa+ Pb)/2*L(thickness of aperture)

Q: Gas throughput, C: conductance, 

S: Pumping speed

Pb= C*Pa/C+S)

L
d



I0 : The signal at pressure p0 (high vacuum).

Ip: The attenuation of the signal at pressure p

z: The distance that the electrons travel in a

gas at pressure p.

: The electron scattering cross section

(depends on the chemical composition of the

gas phase)

KE: Photoelectron kinetic energy

The attenuation of the photoelectron signal in 

a gas environment

Ip/I0(KE,p) = exp(−z(KE)p/kT),

The Pressure limit in APXPS

Attenuation of XPS Au 4f signal from a 

gold substrate by ambient N2 gas at different 

pressure by using  photon energy of 620 eV.

10-8
0.1 

48



The Pressure limit in APXPS

Photoelectron kinetic energy effect Scattering cross section of gas species

• Photoelectron kinetic energy

• Scattering cross section of gas species

• The distance between sample to aperture (nozzle)

Hendrik Bluhm, J. Electron Spectrosc. Relat. 

Phenom., 2010, 177, 71.
D. Frank Ogletree, et al., Nucl. Instrum. Methods A, 2009, 

601, 151.



The distance between sample to aperture (nozzle)

Exp:

The inelastic mean free path of electrons with 100 eV kinetic energy

in 1 mbar water vapor is about 1 mm, much shorter than the typical

working distance between the sample and the entrance to the

electrostatic lens system of an electron analyzer, which is a few

centimeters.

1. Inelastic mean free path of electrons

2. Pressure conditions across the sample surface 

3. Aperture (nozzle) size

d~ Pmax
-1 , (Reducing the aperture size increases the working pressure)

nozzle size: 300 m, The maximum operating  pressure~ 10 mbar 

(APXPS at TLS BL24A)

Hendrik Bluhm, J. Electron Spectrosc. Relat. 

Phenom., 2010, 177, 71.



Photon–gas interactions

Beam entrances system
The scattering of X-ray photons by the 

reaction gases in APXPS experiments is 

generally much weaker than for electrons.

X-ray scattering cross-sections for the 1s 

levels of light elements like C, N, O, and H 

are about three orders of magnitude smaller 

than the electron–gas cross-sections .

Windowless 

system

Si3N4 window

V. Pérez-Dieste, et al., 

J. Phys.: Conf. Series, 

2013, 425,  072023.

1 (300 μm), 2 (1.5 mm), 

3 (2 mm) and 4 ( 3mm).



APXPS  systems

The whole chamber is 

exposed to gases during 

APXPS experiments.

(This chamber is often 

connected with load lock 

and preparation chamber)

Backfilled chamber In situ cell
Exchanged 

chamber

SPECIES 

beamline at 

MAXIV

Lab-based APXPS at the 

University of Delaware



Catalysis Reactions

(Vapor-solid reaction)

Scientific Opportunities

KBr sample Science 2005,  307, 563.

Droplets (=0.21

methanol aqueous) train

Phys. Chem. Chem. Phys.

2008, 10, 3093.

The Active Site of 

Methanol Synthesis 

over Cu/ZnO/Al2O3

Industrial Catalysts

Science 2012,  336, 

893.

Nat. Comm. 2018, 9, 4986.

Unravelling the effect of charge dynamics at the plasmonic

metal/semiconductor interface for CO2 photoreduction

In Situ Study of the Gas-Phase Electrolysis of Water on 

Platinum by NAP-XPS**

Angew. Chem. Int. Ed. 2013, 52, 11660 .

Using “Tender” X-ray APXPS as A Direct Probe of

Solid-Liquid Interface

Scientific Reports, 2015, 5, 09788.



APXPS at TLS BL24A



Commissioning results

APXPS

The scattering of electron 

by gas molecule

𝐼𝑝
𝐼0 𝑣𝑎𝑐

∝ 𝑒𝑥𝑝 − (𝜎𝑑𝑝)

XAS

C.H. Wang, et al., AIP 

Conference Proceedings 

2019, 2054, 040012.

1 mbar O2, 

Cu2O+ CuO

Cu

Cu2O

Cu2O+ CuO

CuO

Cu

The maximum operating 

pressure:

10 mbar for a nozzle with 

a diameter of 300 um.

3 mbar for a nozzle with 

a diameter of 500 um.

Sample: Ce:YAG fluorescent 

crystal coated by Au 

55



Scientific results (1) 

56

1905.1 mole/g

CO CH4



Operado-APXPS  spectra for NiOT-Pd-T nanocatalysts

during CO2RR

57

CO2,

0.11 mbar

CO2+H2

0.11 mbar

CO absorbed on Pd



Possible Reaction Scheme

58
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CO2 (p(CO2) = 5 mbar), CO2/H2O (p(CO2:H2O = 2:1) 
= 5 mbar) and CO2/O2 (p(CO2: O2 = 2:1) = 5 mbar) 

Scientific results (2)

LAGP:  

Li1.5Al0.5Ge1.5(PO4)3

(Li-ion ceramic 

conductor)

Cathode

Anode

:LiTFSI/tetraethylene glycol dimethyl ether (TEGDME)

The electrochemical 

was constructed 

based on a two-

compartment cell 

configuration



In situ APXPS data for Li-CO2 battery under CO2

The C 1s, O 1s and Li 1s 

spectra as a function of 

potential applied across the 

two-compartment cell during 

discharge in p(CO2) = 5 mbar 

and charge in HV. 

Ionic liquid

Li salt

No new species were observed 

during the entire discharging and 

charge process, indicating that pure 

CO2 reduction on the carbon 

electrode is not electrochemically 

active, which is in accordance with 

the negligible capacity observed in 

CO2 gas.
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In situ APXPS data for Li-CO2 battery under CO2 and H2O 

Under discharge condition, a new 

peak centering at ~ 284 eV (labeled 

C sp2) gradually increased in C 1s.

LiOH was observed first and then 

change to LiCO3 while the 

discharge potential form 1.7 V to 

1.0 V in O1s and Li1s.

Upon charging to 4.9 V, the 

amorphous carbon was 

significantly reduced along 

with a moderate decrease and 

increase of Li2CO3 and LiOH, 

respectively

Water plays a critical role 

in promoting CRR in 

non-aqueous electrolyte. 

However, the Li2CO3 and 

LiOH remained on the 

electrode when charged to 

4.9 V, indicating a poor 

rechargeability of Li2CO3 

and LiOH, which is 

consistent with the 

literature report.
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In situ APXPS data for Li-CO2 battery under CO2 and O2

Under discharge conditions, a 

new peak centering at ~ 284 

eV (labeled C sp2) gradually 

increased in C 1s.

Li2O, and Li2O2 increased as 

well in O1s and Li1s.

Upon charge conditions, the 

amorphous carbon, Li2O, 

and Li2O2 were completely 

removed at the end of the 

charging of 4.9 V.

The formed amorphous 

carbon, Li2O2 and Li2O show 

higher rechargeability and 

faster kinetics compared with 

Li2CO3-oxidation. These new 

findings provide direct 

evidence of CRR mechanism 

and insights in resolving the 

discrepancy on CRR kinetics 

in Li–CO2 batteries. 
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From Vapor-Solid Reaction to Liquid-Solid Reaction

Vapor-Solid Reaction Liquid-Solid Reaction 

Electron inelastic mean free path in liquid water 

as a function of electron kinetic energy.

Chem. Rev. 2019, 119, 6822−6905
Sustainable Energy Fuels, 2020, 4, 3211

Faraday Discuss., 

2015, 180, 35–53 

Electron inelastic mean free path in 

solid as a function of electron kinetic

energy.

15

5 nm



J. Phys. D: Appl. Phys. 2021, 54, 124003.

Electrochemical cells for in situ X-ray spectroscopies

0.03- 0.2 mbar

XPS, XAS

XPS, XAS
XPS, XAS

XAS



Potentiostat

➢ Static electrochemical cell ➢ Constant flow electrochemical cell system

➢ As static EC cell could be transferred on the standard sample holder, we also come  

up with the constant flow electrolyte system for extending the measuring time.

Chamber pressure ~ 0.3 mbar

Three-Electrode electrochemical cells at TLS BL24A



➢Sample : ML Graphene/Pt(1, 3 or 5)/Nafion117

(Pt1, 3 or 5 for  depositions amounts of  1, 3, 5 nm) 

➢Reaction environment: 0.05 M H2SO4

➢ Morphology characterization of the as-deposited samples

➢ Peak intensity ratio:

F 1s : Pt 4f = 3.2, 0.78, 

0.4

➢ Probing depth (3):

790 eV ≈ 1.6 nm

➢ The catalyst morphology was concluded as a discontinuous film on the Nafion

substrate. This discontinuous film allows water and ions from the back side of 

the Nafion substrate to diffuse onto the Pt catalyst’s surface and then act as the 

reactant during OER.

Revealing the Surface Species Evolution on Low-loading Platinum in an

Electrochemical Redox Reaction by Operando Ambient-Pressure X-ray

Photoelectron Spectroscopy
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➢ Operando observation of XP spectra was achieved 

with the static reaction cell under different applied 

voltages.

Operando XPS results during the redox process



➢ The amount of Pt2+ increased with an increment of the anodic potential, whereas Pt4+

suddenly formed when the applied voltage was set to cross the threshold voltage of

the OER.

➢ At the cathodic process, Pt4+ was completely reduced when returning to the open

circuit potential. However, the Pt2+ species changed slightly, indicating the

possibility of oxide reduction from tetravalent to divalent oxide or the formation of

hydrated oxide species.

OER Reduction 

Oxide Species evolution during redox reaction



• Anodic Process

Evolution of the oxide species on the surface and subsurface

The probing depth is around 3.84 nm and 

2.85 nm for the Pt catalyst using X-ray 

energies of 635 and 380 eV, respectively.

➢ The Pt2+/Ptd+ ratio was almost identical for the two X-ray energies when the applied

voltage was changed from the OCP to 2.15 V. However, at an applied voltage of 2.65

V, the Pt2+/Ptd+ was higher by using the lower photon excitation energy.

➢ The Pt4+/Ptd+ ratio was higher when the X-ray energy of 635 eV was employed at the

applied voltage of 2.15 V, indicating Pt4+ species has occurred at the subsurface of

the catalyst.



J. Phys. Soc. Jpn. 87, 044701 (2018)

Operando valence band spectra of Pt 1(nm) during an anodic sweep

As the anodic polarization progressed, a peak 

started to develop at approximately 9.5 eV, 

whereas the electron density near the Fermi 

edge decreased.



Schematic of surface oxide species evolution during redox 

process

➢ We proposed that the mixed-valence oxidation layer at the Pt catalyst surface reinforces

the absorption ability of water and hydroxyl groups; The interface between the metallic Pt 

and mixed-valence oxidation thin layer boosts the OER activity further.

ChemCatChem 2023, 15, e202300359.



O2 Reduction Reaction (ORR)

ACS Catal. 2020, 10, 7495−7511

Thermodynamically favored

Adv. Funct. Mater., 2024, 23, 14281.



O2 Reduction Reaction (ORR)

ACS Catal. 2020, 10, 7495−7511

Thermodynamically favored

Adv. Funct. Mater., 2024, 23, 14281.



Electrocatalytic ORR performance of Pd@M-in-Au core-shell 

nanocrystals through RRDE measurements in the O2-saturated 0.1 M 

HClO4 (M = Pt, Pd, and Rh).



Operando synchrotron AP-XPS measurements of Pd@Pt-in-Au core-shell nanocrystals 

during the ORR.



GC-DFT: kinetic Analysis. The relative grand potentials (ΔΩ) along the 2e− (OOH* + H+ 

+ e− → H2O2) and 4e− (OOH* + H+ + e− → O* + H2O) ORR reaction pathways at U = 

0.4 V (vs SHE) on Pd@Pt-in-Au (100) surface with a single-atom Pt (Pt1).

Adv. Funct. Mater., 2024,

23, 14281.
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Heterogeneous Interfaces of Ni3Se4 Nanoclusters Decorated on 

Ni3N Surface Enhance Efficient and Durable Hydrogen 

Evolution Reactions in Alkaline Electrolyte

Source: International Renewable Energy Agency

Acid Electrolyte:

Volmer step      : H+ + e-
→ H* ----(1)

Heyrovsky step: H* + H+ + e-
→ H2 ----(2)

Tafel step          : H* + H*   → H2 ----(3)

Alkaline Electrolyte:

Volmer step      : H2O + e-
→ H*+OH- ----(1)

Heyrovsky step: H2O + e- + H* → H2 +OH- ----(2)

Tafel step          : H* + H*   → H2 ----(3)

HER Reaction Pathway

Prof. Wei-Nien Su, 

Prof. Bing-Joe Hwang,  NTUST
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Hydrogen evolution reaction (HER) volcano plot 

on metal electrodes under low pH environment.

RSC Adv., 2023, 13, 3843–3876.
(A) The state-of-the-art design concept for HER

electrocatalysts is based on ΔGH. (B) The design of 

HER electrocatalysts based on hydrogen spillover 

effects.

Acc. Chem. Res. 2024, 57, 895−904.

From Single Metal to Heterostructure 

Electrocatalysts
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hydrothermal

120 oC , 12 h

Ni(OH)2/NF Ni3N/NF

Nitridation Selenization

Ni3N-Ni3Se4/NF

150 oC, 6 h

a)

400 oC, 2 h

c)b) d)

e)

NF

SeNi N SeNiN

Synthesis of Ni3Se4-Ni3N electrocatalyst
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X-ray Photoelectron Spectroscopy Characterization.
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Electrochemical Performance of as-prepared Electrocatalysts

Ni₃Se4-Ni₃N (η10 =60 mV)

Ni3Se4 (η10 =110 mV)

Ni3N (η10 =130 mV).

Pt-C (η10 = 42 mV)
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b)a) c)

d) e)

Water adsorption characterizations using NAPXPS

Ni₃Se4-Ni₃N

Ni₃NNi₃Se4
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b)a) c)

d) e)

Water adsorption characterizations using NAPXPS

Ni₃Se4-Ni₃N
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In-situ APXPS characterization under different applied potentials

N-H
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Kinetic Isotope Effects

Ni3Se4-Ni3N/NF

Ni3Se4/NF 

Ni3N/NF 

Ni3S4-Ni3N/NF Ni3Se4/NF Ni3/NF

JH2O η 

(mV)

JD2O KIE η 

(mV)

JD2O KIE η 

(mV)

JD2O KIE

50 120 26.37 1.896 220 14.30 3.495 270 14.27 3.496

100 160 46.91 2.132 258 34.68 2.890 319 25.49 3.922
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The schematic diagram for the proposed HER mechanism 

on Ni3Se4-Ni3N/NF electrocatalysts.

J. Am. Chem. Soc. 2025, 147, 16047−16059



Catalysis Reactions

(Vapor-solid reaction)

Selected Scientific Results at TLS BL 24A

Ca L edge of  ACC 

acquired at a water 

vapor pressure of 0.4 

mbar. 

Constant flow electrochemical 

cell system

Adv. Funct. Mater., 2024, 23, 14281.

2023, 13, 13434.

2022, 13, 5488.

2019, 55, 6946.

2020, 8, 12744.
2021, 83, 105830.



Selected Publications by using APXPS at TLS BL 24A

ACS Energy Letters 2022, 7, 2297.

2020, 67, 104163.

XAS

2022, 21, 681.

XAS

Adv. Funct. Mater. 2022, 32, 2108878

2022, 13, 5488.

2023, 13, 13434.

2021, 83, 105830.

Nature Comm. 2024, 15, 653.

ChemCatChem, 2023, 15, e202300359

Nature Comm.. 2021, 12, 1687.

Cited: 26

2025.06 updated

台大化學陳振中教授

Adv. Funct. Mater. 2024, 23, 14281.

Appl. Catal. B: Environ. 2024, 346, 123725.

台大化學劉如熹教授

Nano Energy 2024, 128, 109863.

J. Energy. Storage 2024, 100, 113467.

清大化學楊家銘教授



Future plan of APXPS end station at NSRRC

TLS (1.5 GeV)

TPS (3.0 GeV)

APXPS end- station at BL 24A of TLS will relocate to soft x-ray spectroscopy 

beamline at TPS 43A. 

APXPS End- Station

APXPS End- Station

Taiwan Light Source (TLS)

Taiwan Photon 

Source (TPS)



TPS 43A Beamline



TLS BL24A

Variation of estimated photon flux with photon energy 
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Data from

Dr. C.-T. Chen
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Electron Analyzer SPECS PHOIBOS 150 Analyzer with 1D delay 

line detector

Photon Energy 15- 1600 eV, (200- 3000 eV)*

Pressure UHV to 10 mbar, (UHV to 100 mbar) *

Operating temperature range. RT to 1073 K

Gases N2, O2, H2, CO2, CO, Ar, H2O(g), CH3OH(g)

Surface science instruments Ar+ sputter gun, H2 cracker, LEED, Residual gas 

analyzer (RGA) 

Ambient pressure XAS based 

on electron detection modes.

AEY, TEY

Applicable research area Gas sensor mechanism, gas-solid heterogeneous 

catalysis such as carbon dioxide hydrogenation, 

photocatalytic reaction…., Alkali metal-air batteries 

charging and discharging reaction, …etc.

*Red highlight the changes expected when the existing APXPS end station at TLS BL24A is relocated to 

TPS 43A.

Replaced by a 

nozzle size of 

100 m

Infrared reflection adsorption spectroscopy (IRRAS) 

and gas chromatography will also be included.

APXPS End Station I for Gas-Solid Reaction



APXPS End Station II for Liquid-Solid Reaction 

(a)A  dip-and-pull setup that works well with thick electrolyte layers.

(b) A liquid electrochemical cell with a polymer-based membrane for studying 

liquid-solid reactions with flow-thin electrolyte layers.

• The energy analyzer voltage 

will be up to 7 keV for high 

kinetic electron detection.

•Using stainless steel analysis 

chamber prevents acid and 

alkali solution corrosion.



TPS 43A Ambient Pressure/UHV X-ray Photoelectron Spectroscopy

Front End, 

Completed. 

(2023.12.31)

EPU 56 

construction

Assembly Completed in 2024.06.30.

Magnetic field measurement, and 

correction in laboratory are currently in 

process. 

Installation in the storage ring is expected 

by the end of 2025.

Beamline 

Construction

The detailed Optical layout is nearing the final decision. 

Beamline Hutch 

completed 

(2023. 12. 31) 

PGM chamber 

completed

(2024.06.30) 

The beamline 

infrastructure and 

most of optic 

devices are currently 

under construction.

End stations  

Construction

The UHV XPS 

analyzer  is 

scheduled for 

delivery by the 

end of 2024.

The liquid-solid 

APXPS system is 

expected to be 

delivered before 

Nov. 2025.



Construction Plan and Current Progress of TPS 43A

Beamline and End Stations Construction

This year, we plan to complete the beamline 

and end station constructions. We expect to 

start commissioning the beamline and end 

stations at the beginning of 2026 and open 

them to users in O3 or Q4 of the same year.



XPS Peak Fitting

346 344 342 340 338 336 334 332

 Binding energy (eV)

(c) Pd 3d 423K

Pd

PdCuZn

PdOx

PdO2

Software:

XPSPeak 4.1, CasaXPS, Unifit20XX



Background Modelling and Treatment

unifit 2018 

Type of background commonly used: constant, linear, polynomial, Shirley, Tougaard



Constant Background: Linear Background: Polynomial Background:

Linear Background:

The linear background may be applied

for spectra with small intensity

differences between the low and high-

energy side of the peak, e.g. for peaks

derived from surface species, which are

hardly affected by inelastic losses.

Shirley Background:

In many cases the Shirley model 

turned out to be a successful 

approximation for the inelastic 

background of core level peaks of 

buried species, which suffered 

significantly from inelastic losses of 

the emitted photoelectrons.



Tougaard Background:

The Tougaard background model has originally been developed as an alternative to 

the Shirley background for transition metals and is therefore especially suited for 

asymmetrical signals like metal 4f lines.

It integrates the experimental function while weighting it with a universal energy loss 

function K(E) and the inelastic mean free path of the electrons () . 



Modelling Peak shape

Ar: 2p



Peak widths

Peak widths: The contributions that the intrinsic and instrumental effects make to the peak 

width are given, to a first approximation, by:

β, i.e. half of the full width at half maximum 

(FWHM), and E0, the peak position.

Lorentzian width (): is  related to lifetime of the core hole state by 

Heisemberg’s Uncertainty Principle. =h/ , h is the Plank constant 

Gaussian  width (G): is related to instrument factors, for example x-ray source 

resolution,  analyzer resolution, thermal broadening 



Lifetime of the core hole—the natural linewidth

 For s< p < d

Ag



Natural linewidth of Au 4f7/2, Ag 3d5/2, Cu 2p3/2

PHYSICAL REVIEW B, 1983, 27, 3160.



Product and Sum Function

A frequently used approach to describe XPS core level lines or XAS line has been the 

product or sum of Gaussian and Lorentzian functions of the same width

Convolution Function (Voigt profile)

A more adequate description of the photoelectron- or X-ray absorption spectra line shape 

may be obtained by convoluting Gaussian and Lorentzian (or Doniach-Sunjic (DS) type) 

contributions rather than by simply product and sum function.

XPSpeak Fit, CasaXPS

Unifit 20XX

J. Vac. Sci. Technol. A 38, 061203 (2020). 



Determine the Instrument Resolution by using Au foil  

Grating 800 line/mm, Photon Energy 340 eV, 

entrance silt and existing  silt= 20 um, Pass Energy=10 eV



Asymmetric function: Doniach-Sunjic form

Courtesy to Dr. Yaw-Wen Yang



Chi-square, 2 is defined as

where M(i), the measured value at i.

The reduced Chi-square 2* is the chi-square further divided by the degree of freedom,

where here N is the number of data points, and F is the total number of fit parameters.

The expected value of 2* is about 1.

Nonlinear least-square fitting method is aimed at a minimization of chi-square. If the 

differences between the experimental spectrum M(i) and the calculated spectrum S(i, p)

are independent and distributed homogeneously (Abbe criterion), then fitting can be 

considered satisfactory.  In that case only statistical measuring errors, i.e. following 

Poisson distribution, remain.

where S(i, p) is the sum over k fitted components, SCj at data point i, and B(i) is the 

background at point i.

CRITERION FOR GOODNESS OF FIT
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Chi-square



GOODNESS OF FIT
Residual function:

The residual R expresses the deviation between sum curve and experimental data. 

A normalized residual is defined as,

where M(i) is the measured value in counts, and S(i, p) is fitted values. The normalization 

with the square root of intensity was introduced in order to obtain the same weight of 

errors for the complete spectrum. 

An ideal fitting should give rise to a featureless residual function across the data range 

with its range not exceeding one std. deviation.

Abbe Criterion is a mean to estimate the extent of systematic errors, 

A value of 0 pinpoints systematically correlated deviations; 

a value of 1 indicates statistical deviations and a value of 

2 is obtained in case of systematically anti-correlated 

deviations. The expected value of Abbe is 1. 
108



A spectrum with a satisfactory fit



A Satisfactory fit

Reduced Chi-square 2* =0.9, Abbe= 0.62, R:2.1



Linear Background- Au4f

Reduced Chi-square 2* =11.84, Abbe= 0.07, R:10



Shirley Background- Au4f

Reduced Chi-square 2* =9.58, Abbe= 0.08, R:9



Shirley Background+ Tougaard- Au4f

Reduced Chi-square 2* =13.66, Abbe= 0.07, R:10



General guidelines of choosing the fitting parameters

●Start with a minimal number of fitted components based on the discernible 

number of peaks. Increase the number of fitted components when the fitting 

runs aground, justifying additional components.

●A fit with a smallest chi-square, achieved by invoking too many peaks, may 

not necessarily be a good fit. The existence of fitted components needs to 

based on science, not mathematics, and make good scientific sense.
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The End ~ Thank You !!
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