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and what can we learn from 1t?
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1 How does 1t work?

e monochromatic X-rays, UV light photoelectron
e measure kinetic energy of emitted electrons ~hy —© 2P ®
e deduce binding energy from electronic structure

hv e /e‘

1s

I oY
i o
core-levels valence bands conduction bands continuum
\ —
! : — N
I hQ)
§ _"» elxcitted '
,‘ /e ecC ronx ;. ,_:
Ex

D
e % Band energy
- 3 3 l measurement
,,,,,,,,, S
. = A 0OT
D a P
ks = | =
= =
B =
8
=~
e Secondary
D3 electrons




[image: image1.wmf]s


E


v


E


F


h


w


DOS


Band energy


F


a


electrons


Secondary


electrons


excited


h


w


continuum


conduction bands


valence bands


core-levels


F


s


E


E


k


a


E


v


N(E)


vacuum level


Sample


measurement


Analyser vacuum level


Fermi level


E


F





[image: image1.wmf]1s


2s


2p


hv


fotoelettrone





university of
groningen

Molecularly imprinted polymer (MIP) in conjunction with 2D
material, MXene, developed for cathodes of Li-S batteries

' LiF+HCI etchme ‘ Protonated Melam&e’

TisAlC- TisC2TX TisC2Tx + Melamme

*-’3 \

Li=Se wash off
“— &

N-TisC-Tx-MIP N-TisC:TX-MIP + LizSs
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Molecularly imprinted polymer (MIP) in conjunction with 2D

material, MXene, developed for cathodes of Li-S batteries
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1What IS the binding energy in XPS ?

energy of photoelectron
A

A A
E’
E,. 4 Vacuum level
v 1 [t
A A
hv
¢o ¢sp
\ 4 v Fermi level
A
Eb Eion
v v v occupied level
Sample Spectrometer

hv=Ep+ Ex + ¢g

Ep =Ef-Ej=hv-E"k + dsp
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Photoemission can be seen as 3 step process

1) photoionisation - optical absorption machinery, selection rules

2) transport of photoelectron through sample - inelastic mean
free path

3) emission of photoelectron into vacuum - refractive effects at
the surface, k-parallel vs. k-normal

Universal curve of electron mean free path (Zangwill * 88)

1000

E, <1500 eV : XPS
gives information on

surface layer ( typically
<10 nm)
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$ . The photoionisation of core level |
— Auger decay or fluorescent
decay (X-ray emission)
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Figure 3.5 Relative probabilities of relaxation by emission of an Auger eleciron and by emission

of an X-ray photon of characteristic energy, following creation of a core hole in the K shell
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Let’s start simple: Carbon
12C & protons (1) C: 152 252 2p2

6 electrons
2-4

first shell: 2

6 protons

second shell: &

GRAPHITE AMORPHOUS CARBON

& neutrons
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Wide XPS spectrum of graphite (C)

Is,

C as graphite
Mg Ko N KVV
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Core level XPS spectrum characterized by:

of graphite (C)

1) A specific binding
energy which reflects the
TR ; ‘- specific atomic species
(C) In a specific chemical
environment

2) A finite width
reflecting the
Instrumental resolution,
— ‘ - ~J lifetime broadening and
23 L 5 other many-body effects
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1 What determines the line shape ?
: photolonisation process takes

10-'’sec — core hole of light
[orenzion Litetime_broadening A element decays in 10-1° sec —

Indetermination in energy

FWHM =7, =h/-=06.58- 1077 eV,

o) —

Gaussian Phonon broadening 2lm

Extrnsic losses : Plasmons

o L
Mﬂﬁ;l |

Extrinsic losses : Gcnﬂd_.iud

; g s -
Shuke-up;&}rﬁgq/\j .

K.E ety
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What determines the line shape ?

§° VIBRATIONAL BROADENM.
Lorentzian Lifetime broadening Al. (a) T20K (b) T20 K
| \ /. i g
E ] T —
I Gaussian Phonon broadening 2l N *—‘=. X 4 =]\ 7
— \ — m:::f
2 Moy =

(

\

Extrinsic losses : Generalized
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' - The onigin of phonon broadening in XPS and Auger lines.
Shake-up : Generaliz '
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o

Lorentzian Lifetime broadening AL

Gaussian Phonon broadening

Extrnsic losses : Plasmons

/;L—\./&"‘“

2(pn

Extrinsic losses : Gcnﬂd_.iud

Mu@m/\j

K.E ety

e single electron =
transitions

e collective excitations

= plasmons

photoelectron loses energy
spectral features appear at lower
Kinetic energ
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What determines the line shape ?

Eo Shake-up: photoemission is not a
single particle process - different
Lorentzian Lifetime broadening AL final states possible

Gaussian Phonon broadening 2(en

Extrnsic losses : Plasmons

Mm'

Extrinsic losses : Gcnﬂcu_.iud

| Shnkc-ug : Genzruhzﬂl N /

K.E ety
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Line-asymmetry in Core Level XPS
The line- asymmetry scales W|th the density of states at E

vB
; e, 2 Mo,
A ’ . 4 % ."
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1 weiie 21 Core (47 0 and valenee (VB photoelectien speeraof gold and platimum recorded using
monochromatic Al K x radiation. Note the relationship between the degree of core level asymmetry
and the density of states at the Fermi level (RE = 0¢V). (After Barric. Swilt and Rriggs*®)
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Example: C4p : 3 valence electrons of carbon form s orbitals — cage structure,

1 valence electron in 7T orbitals.

single electron excitations; all m — n*: 7 plasmon; all t+ ¢ — n*+ ¢™*. ¢ + 7 plasmon

A

L3 Ly 1’ ST 1 L] T l T T 5 e l T ¥ T | . L i I 13 ¥ ¥ I T
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hv =1486.6 eV
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Core level XPS spectrum
of graphite (C)

s =284.5eV 1s

295 285
Binding Energy (eV)

275

The singlet C 1s line
characterized by:

1) A specific binding
energy which reflects the
specific atomic species
(C) In a specific chemical
environment

2) A finite width
reflecting the
Instrumental resolution,
lifetime broadening and
other many-body effects
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The Zr 3d line Is characterized g

by:
Core level XPS spectrum 1) A specific binding
of zirconium (Zr) energy which reflects the

specific atomic species
(Zr) In a specific chemical
environment

2) The occurrence of a
doublet reflecting the

| core level spin-orbit

- splitting

' 3) A finite width

/\,/\f reflecting the

- Binding By () " instrumental resolution,
lifetime broadening and

other many-body effects

3dm = 1789 eV 3d5f2
A=243 ¢V

3din
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7 Spin-Orbit Splitting

Quantum Numbers
(i) J Total Angular Momentum
| Orbital Angular Momentum
nv s Spin Angular Momentum

J=1+S

‘ t + * p-symmetry state

Initial state Final state without I 1

spin-orbit interaction
y s==x1/2
(11)
Spin orbit interaction lifts degeneracy

Degeneracy = |2)+1]

{ Pap Degeneracy=4
=

Degeneracy=
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Spin-Orbit Splitting

( f H) Degeneracies detemmine relative intensities
of peaks comprsing doublat

F'm Ratio of intensites =
branching ratio = 0.5

A(BE) = spin-orbit splitting

M (o —
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XPS : Chemical shift Fo HH
F—C—C—O0—C—C—H
. F H H
Carbon 1s binding energies in ethyl
trifluoroacetate i ‘
£ s00
Can be used to quantify § i
different chemical bonds 3 | +
for same element +
XPS also called ESCA - oF - Cabonls: e
electron spectroscopy e Tios —~
for chemical analysis Kinetic energy

I | ]
295 290 285

Binding energy
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XPS : Chemical shift |
Si 2p spectra for a fluorine-etched silicon wafer

I(a) (b)

_S|F3

éS|F2
— 5

Core level shift (eV)

Intensity {arbitrary unit)

Si

1 T T
0 ' 2 3 q
Shift {eV) Oxidation state

binding energies increase as the oxidation state
INncreases - can be used to determine oxidation state
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‘Chemical Shift (4E,)

How the C 1s binding energy reflects differing chemical
environment local to the excited C sites

1s Binding Energy (eV) -
Compound Type 280 282 284 286 288 290 292 294

CwithN

Cwith §

CwithO
Alcohols
Ethers
Ketones/Aldehydes
Carboxyls
Carbonates

Cwith Cl

Cwith F
CHF

CFra
CFs
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Molecularly imprinted polymer (MIP) in conjunction with 2D

material, MXene, developed for cathodes of Li-S batteries
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e- Once the photon flux @ is given, the

0
hv %ly photoelectron intensity I; of the (nl) orbital of the
z=0 I-th atomic species is approximately given by
y4

v

Ii (I’ll) = Ci)\'(Ekin )¢(hw)0nl (hw )T(Ekm )

Where @ is the photon flux

C, Atomic Concentration of the i-th species
A Escape Depth

O Orbital Cross Section

T Instrumental Efficiency

sensitivity factor S, =o,(hv) T (E,;)
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Yb binding energies(eV) are:
ts( 2) 57009.8 2s(2) 9290.78
3s(2) 2086.76 3p( 6) 1904.14
3d4(10) 1561.01 4p( 6) 327.4B1
4d(10) 190.652 5p( 6) 30.7582
41(14) 15.9818

2p( 6) 8897.20
4s(2) 402.610
5s(2) 50.8637
6s( 2) 5.16038

Calculated
photoionization cross
sections for free atoms
vs. photon energy
(Yeh and Lindau)
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Appendix E. Atomic Sensitivity Facters for X-ray Sources at 90°

This 1able is based upon empirical peak area values® corrected for the system’s mansmission Junciion. The values are only valid for and
should only be applied when the eleciron energy analyzer used has the transmission characieristics of the spherical capacitor rype
analyzer equipped with an Omni Focus Il lens :upplied by Perkin-Elmer. The data are calculoied for x-rays at 90° relasive 1o the

analyzer. o

Element Line  ASF Element Line  ASF Element Line  ASF _ Element Line  ASF

Ag k"] 5198 | Eu 4d 2210 Na Is 1.685% Si Zp 0.283 d d b
Al 0.193 F 1Is 1,000 Nb 3d 2517 Sm e 2907 PrOVI e y
Ar 2p 1.011 Fe 2p 2686 Nd 3d 4.697 So 3 4.095

Ao w0 | G e 30 | N n am | s s e the maker of
Au of 5240 Gd 220 Ni 2p 3653 Ta 4 2589

B 5 0159 Ge  2pn 3100 o s om | ™ 4« 220 the

Ba 4 2627 nf af 2221 Os of M T 3d 3.266

Be s 0.074 Hg af 5.797 P % 0412 Te 3z 4.925

Bi af 7.632 Ho ad 2.189 Pb af 6.968 Th 4hn  7.498 S oeCtrO mete r
Br 34 0.895 | My 530 P 3d 4.642 Ti 2 1.798
s Is 0.296 In e 3N Pm 3d 3754 ¥ 4f 6.447

Ca 2p 1.634 ir af 4217 Pr 3d 6.356 T 4d 2172

Cd Idsn 3444 K 2p 1.300 P ' 4674 v 4f; 8476

Ce 3d 1.399 Kr 3d° 1.09 Rb M 1316 v 2p 1912

ci % 070 La kT 7.708 Re af 3327 w af 2.959

Co 2p 3.25% Li 1s 0.025 Rh d 4179 Xe . 3w 5702

Cr 2p 2.201 L 4 2,156 Ry 3d 369 - | Y 3d 1.867

Cs 3ds2 6032 Mg 2 0.252 s 2. 0570 Yb 2.169

Cu 2p 4.7198 Mn 2p 2420 Sb Mz 4473 Zn 2p2 3354

Dy 4d 2198 Mo 3d 2.867 S 2p 1.678 Zr 3d 2216

Er 4d 2184 . 1s 0477 Se 3d 0.722

*C.D Wagner, ¢1 al. Surf. Intecface Anal. 3, 211 (1981).
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Ii (nl) Ci)\’(Ekin )¢(ha) )Onl (hw )T(Ekm )

Once the efficiency of detection of an atomic species
Is calibrated via the sensitivity factors one gets

Homogeneous binary compound :
o SaANAMER)
Ts = SgNgA(Eg)

Sample with many components :

Atomic concentration C, for each element can be determined

Na  14/[SAMEA)]
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7 Example: stoichiometry of SiO, surface 7

O
Size _ 14
' 1s
1 0 Auger | S
J\_,_,/\L ¢ Sz
1000 1500 10

Binding Energy (eVi ISi2p _ SSin NSi }\,(SIZD) - 014
IOls SOls NO }\,(018) |

S A(O1ls
Ols, _ 5 ( - )
7 SSin }\:(S|2p)

Si]/[O] = 0,14x5.2x0,76 = 0,55

= 0,76
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XPS : depth profiling via angular dependence

By changing experimental geometry from normal emission to
grazing emission surface sensitivity Is enhanced.

Example:

oxidised Si substrate

Intensity (arbitrary units)

(P

110 100

Binding energy (eV)




XPS

Intensity
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R ,’.:|'.-. &
PP L B

""" / university of
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. depth profiling via sputtering and measuring cycles - Destructive!

T wek

e lon sputtering - removes surface layers
e depth calibrated with reference sample

Ti 2p region

C 1s region

Example: Dental
Implants, surface
oxldized to create
porous layer which
favours bone
adhesion. Can
determine thickness
of oxide layer; can
show hydrocarbon
contamination at
surface and carbide
contamination in
bulk
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What is the binding energy in XPS ?

energy of photoelectron
A

A A
E’
E,. 4 Vacuum level
v 1 [t
A A
hv
¢o ¢sp
\ 4 v Fermi level
A
Eb Eion
v v v occupied level
Sample Spectrometer

hv=Ep+ Ex + ¢g

Ep =Ef-Ej=hv-E"k + dsp
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Energy reference

conducting samples : Fermi level
e non-conducting samples : Vacuum level

e insulating samples = charge effect
*Ep=hv+ E’k-(|)5p+AE

sample has to be flooded with low energy electrons.

Eleciron speciromeler Au grid
] ioad r&m&x
= gun
Photoelectrons
et generate secondary
Al window Sample electrons which

compensate charge
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7 Some applications

e quantify surface stoichiometry
e verify valence state of metal of nanoparticles
e verify core/shell structure

e determine growth mode of thin film

e verify in-situ ion transport (battery)
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Fig. 1. Inelastic mean free path as function of electron kinetic energy for selected
materials. Calculation using the NIST electron inelastic mean-free-path database,
version 1.1 [3]. The HIKE facility operates between 2 and 10 keV.

M. Gorgoi et al. / Nuclear Instruments and Methods in Physics Research A 601 (2009) 48-53
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FeCoO/FeO shell-core nanoparticles

Co2p

S 1085

OKLL

Intensity / arb.units
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Sample B: shows the expected shell-core structure.
Co2+ and Fe 2+ /3+ are present in the shell and a
supposed Fe3+ phase emerge when probing deeper

|
3000
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S 1105

T T
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Binding energy (eV)
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With XPS we can determine the growth mode of a film &

Layer by layer growth (Franck-van
der Merwe).

\ .
R,

Layer plus island growth (Stransky
Krastanov)

-

Island growth (\ollmer-Weber)

2 adsorbate

=

3

k= substrate
1 2 3 4,
Coverage (ML)

Z strate

&

Fa’ adsorbate
a 1 2 3 4
) Coverage (ML)
gz Substrate
& adsorbate

=
2 3 4

Coverage (ML) ]
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Film growth mode seen in photoemission: Cg,(111)/GeS(001)

Coverage (ML)
o 1 2 K 4 5 & { 8 0 1 2 3 4 9 G 7 il
L=170A | T
208 L, = 18,0 min "2 08} 1
E =22 7 min @
£ osp 5 fs. =126 & 06- 7
- :_; n=154 A
.ﬁ 04+ ﬁ (14 1, = 18 0 min
o = L. = 24.5 min i
E . = . . |
g 02t £ 02- | 518y =130
Z | 1‘-.___5__‘_%— -— In ' |
00 - T oot | 1
S T R T— E— | h | - 1 1 - i L i " 1 i i I i i i " L a 1 |
n 20 40 60 &% 100 120 140 160 80 0 20 40 60 8030 100 120 140 160 180
Deposition time {min) Deposition time (min)

G. Gensterblum et al.,
PRB50 (“ 94) 11981
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Operando XPS of solid electrolyte 5
Interphase formation and ""P oy 5
evolution in Li,S-P,S; solid-state
electrolytes

1]
abireyn

SE
W O R R e SR rby
60 58 58 54 52

Binding energy (V)

Dnmrgfnn:a.. P
LAV lightsounce SEl
[mschamsa) LPS

i & 65h
) A8 b
.____g’ - S ]
- — || |2
K.N. Wood et al. Nature Commun. (2018) 9, 2490 ﬁgﬂ“; 1 5 e '"5-.:—52“5“

Binding energy (gV)

Fig. 2 opXP5 schematic and Li 1s care level evolution. a Clean LPS surface,
b, ¢ SEl formation during charging, and d, e SEl evolution during discharging
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MgH, nanoparticles confined in reduced graphene oxide pillared
with organosilica: a novel type of hydrogen storage material

1, 4-bis(triethoxysilyl)benzene (BTB) -
pillars to distance GO planes

BTB/DDA, Sol-gel

0

Pyrolysis at 370 °C

di-n-butylmagnesium (MgBu,) :
MgBUZ + H2 — MgHZ + 2C4H10T Graphene Oxide

rGO-BTB

Rehydrogenation

MgH,/rGO-BTB Mg/rGO-BTB
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Hydrogen
desorption starts

at 50 °C | efficient

reversible 1.62 wt.%
hydrogen storage can

be realized at 200 °C

o 85 | —9—Adsorpion of FGO-BTE

e Desarplion of rGO-& 8
w90t

G 8

o

gsn- fw"’"

B s}
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Z 1},
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]
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= TR T 04 06 0E 10
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83 8§88 8
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o
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(=]
.

o
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- Bulk MgH,
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B4

431~

348°C 395°C
N

+ Bulk MgH,
> MgH,/rGO-BTB-20
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100 200

300 400

Temperature (°C)
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50 100 150 200
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j XPS summary %

« all kinds of samples: solid, liquid, gases in vacuum (108 torr)
e both insulating and conducting samples

e can detect most elements at the 0.1% level (not H, He)

e non-destructive (X-ray beam damage possible)

e surface sensitive

e quantitative analysis possible

e determination of oxidation state possible

e depth profiling : through angular dependence (non-
destructive) or sputtering-measuring cycles (destructive)
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7 university of
% / groningen

1 Experimental details

X-ray Sources :
 Monochromatic laboratory sources
Mg Ky 1253,6 eV or Al K, 1486,6 eV

 synchrotron radiation = photon energy
can be chosen between 200 and 1500 eV

A standard X-Ray source —
has to be coupled to
monochromator

Filament Below
Connections g
Water |
Connections
- Viton
g Washer
| Ceramic
|_—UHV Flansh
777
Cooled
/ Anode

. ﬂ.! Filaments
Magnesium
- Aluminum
Aluminum :
 Window
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X-Ray source

Filgment Below
Connections ] é/—/
Water '
Connections
» Viton
_ Washer
| Ceramic -
|_—URV Flansh
W
_ Cooled
) ,./ Anode

. I; Filaments
Magnesium
. Aluminum
Aluminum :
. Window

/ Electron
, emission




university of

groningen
o 1
. Linear
- Micrometers e
For Tilt - Crive
L A A A

—- Crystal

A standard
monochromator for X-Ray
source
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Focus
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Window

/ Linear Shift
Sample Anode For X-Ray
Source
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L electron path
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L=
A

. 1he instrumental resolution can be determined by measuring the
% Fermi edge of a metallic sample

ss=——cc—maryy
7 | ¥ T -

XPS Ag

a(x20) |

e laboratory sources 0,3 -1,2 eV
e synchrotron radiation < 0,1 eV

1]
' ]

. :OSBeV

Binding energy (eV)

Ag 4d-related manyfold Ag 5(sp) related manyfold
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