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Problem: What is the (chemical) composition of a surface




Photoelectron Spectroscopy

. General Principle
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Excitation

-Mg-Ka (1253.4eV)
-Al-Ka (1586.6eV)
-Synchrotron radiation (0.1-5keV)

Detection
-Hemispherical analyzer




General Principle
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X-ray twin anode
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XP spectra: two different anode materials
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Synchrotron Radiation
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Parallel plate mirror analyser
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Halbkugelanalysator
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Halbkugelanalysator
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Detector: Channeltron
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Detector: Microchannel Plate
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Where do the electrons come from?
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Sampling Depth

¢ Disregarding elastic scattering:
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Mean Free Path of Electrons in Solids
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Origin of background

Mean BE
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binding energy BE-A J_rf
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Background Correction

Background substraction
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Spectral features: PE Peaks
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Spectral features: PE Peaks

Source: Michigan State University, CEM 924
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Spectral features: Auger Peaks
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Ni survey spectrum
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Spectral features: Loss Peaks
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Spectral features: Loss Peaks
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Figure 9.5 Core level spectra of poly-1- and 2-vinylnaphthalene, polyacenaphthalene and polyvinyl-
carbazole.

(Clark et al., Copyright Elsevier Science Publishers)




Analyzing the data: Calibration of Binding Energies
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Analyzing the data: Calibration of Binding Energies

O2s/VB Samples 13/19/21/23
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Line profile modification by charging

real catalyst

modecl catalyst

1 1 1 | | 1 ! 1
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Binding Encrgy / cV

Mo oxide on silica

real catalyst 1s powder
sample after impregnation
and calcination.



Chemical Shift

BE of core electrons depends on the electron density at the
atom, affected by the electronegativity of neighboring atoms
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Analyzing the data: Chemical States

Table 3.6 N 1s binding energies. (Reproduced from Wagner et al.?’ by
permission of Perkin-Elmer Corporation)




Relationship between the degree of core level
asymmetry and the density of states at the Fermi
level (BE=0)

4t T VB

. 052 2

R I v
Au - i N Yol
: ' F AR 4

|
20 85 10 5 0
A .
.: ¥ S 05 ot ‘_5.
p t ’ .. ‘e oM‘w"-yw
: . a
‘/ n'f - "
‘_N/ \/ :’. AV e = ¥
1 M | 1 i
75 70 10 5 0



Analyzing the data: Peak Fitting
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Analyzing the data: Peak Fitting
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Analyzing the data: Peak Fitting
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Quantitative Analysis




Quantitative Analysis: First Steps




Quantitative Analysis: Cross Section
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Quantitative Analysis




Quantitative Analysis: Useful Examples
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Quantitative Analysis: Useful Examples
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Quantitative Analysis: Useful Examples
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In situ XPS: obstacles

Fundamental limit: 30x10”" - 0, -

== exp. data from Schram et al. (1965)
= = extrapolation of Schram's data —

2
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Electron kinetic energy (eV)

Technical issues: - Differential pumping to keep analyzer in high vacuum
- Sample preparation and control in a flow reactor




In situ XPS: basic concept

* Photons enter
through a window

» Electrons and a gas
jet escape through
an aperture to
vacuum




In situ XPS instruments: previous designs
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In situ XPS using differentially pumped electrostatic lenses

to pump to pump

X-rays from synchrotron

D.F. Ogletree, H. Bluhm, G. Lebedev, C.S. Fadley, Z. Hussain, M. Salmeron, Rev. Sci. Instrum. 73 (2002) 3872.



Close-up of sample-first aperture region

Gas phase composition can
be measured by XPS.

gas phase signal:

1 forr-mm ~ a few monolayers

Po




In situ XPS system

X-rays enter the cell at Hemisphercal

55° incidence through an electron

SiN, window analyzer

(thickness ~ 1000 4) (10°p,)
Analyzer
input lens

mass spectrometer

and additional _ Focal point

pumping ———— of analyzer

. input lens

Third differential
pumping stage (10-p,)

Second differential

Experimental cell
pumping stage (10-¢p,)

supplied by gas

I
ines (po) First differential

pumping stage (10-“p,)



NAP-XPS: General Design

Differential pumping via apertures combined with
electrostatic lens system

apertures for pressure reduction
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Application of in situ XPS to catalysis: methanol oxidation on Cu

Partial oxidation: CH,OH + 30, Ly, CH,O + H,0
Cu

. . 3
Total oxidation:  CH,OH + 70, CO, + 2H,0
1,0
0.9
s Y CH,0 .
| Onset of catalytic
0,77 activity at T™>200 °C
o 08
B 05
> 04
0,3
0,2
0.1 Y CO, Reaction profile is
0,07 identical at 1 atm.
0,1

0 50 100 150 200 250 300 350 400 450
Temperature / °C

What is the state of the surface under reaction conditions?



Partial oxidation of methanol

UHV XPS L.E. Wachs & R.J. Madix, Surf. Sci. 76, 531 (1978); A.F. Carley et al., Catal. Lett. 37, 79 (1996).

O-(a) + 2CH,OH(g) —> 2CH,0+(a) + H,0(9)
CH,O(a) — CH,O(g) + H*(a)

In situ NEXAFS

A. Knop-Gericke et al., Topics Catal. 15, 27 (2001).

CH,OH + O,~ 0.5 mbar

suboxide phase:
- only present in situ

Questions for in situ XPS: - Quantitative analysis of surface species
- Carbon species on the surface
- Depth-dependent analysis




Experimental conditions

sample: polycrystalline Cu foil

Variations of mixing ratios: CH,OH: O, =12, 3:1,6:1; T=400°C; p=0.6 mbar

Temperature series: gas mixture at room temperature: CH;OH : O, = 3:1;

p = 0.6 mbar; temperature: 25 °C — 450 °C
flow rates: 10 ... 20 sccm

XPS measurements Beam line U49/2-PGM1 at Bessy
Energy range 100...1500 eV
total spectral resolution 0.1 eV @ 500 eV

O1s,C1s,Cu3p,Cu2p: KE~180eV
Valence Band: KE ~ 260 eV

Depth profiling with KEs 180 eV, 350 eV,
500 eV, 750 eV



Methanol oxidation on Cu: Ols spectra

400 °¢, 0.5 torr
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Ols depth profiling
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surface o
— oxygen ® 13
-] sub-surface ©
8 | oxygen S 12}
‘8 :.o..s "'.. v
£ 354 ...., 8 1.1= .
€ 2ia 750 eV o I
= o %
8 o 1.0}
g 500 eV S‘_g
N \ © 09
£ 350 eV >
o } I o 0.8}
P4 (o))
180 eV N
L 1 o0 1 UV I N B
534 532 530 528 526 6 8 10 12 14

o Inelastic mean free path (A)
Binding energy (eV)

Lir0.9/ Is315= Mspg o/ Ms315°@XPL-(Zs315-Z5209)/ 1]

AZ = 3 A, lspgo/ Msyy5= 1.6

Bluhm et a. JPC 2004

Inelastic mean free path in Cu (A)

—_
S
1

from: Tanuma at al.,
SIA 17,911 (1991).

-
N
1

RN
o
|

o
|

»

200 400 600 800

Kinetic energy (eV)




Methanol oxidation on Cu: Cls spectra

400 °C
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Metastability of the Sub-Surface Oxygen

sub-surface
oxygen

surface
oxygen

CH;OH:0,=6:1
CH;OH only

difference

| | | | |
536 534 532 530 528

Binding energy (eV)

Knop-Gericke et a. Adv. In Catalysis 2009



Correlation of catalytic activity and surface species

CH,0 vyield vs sub-surface oxygen peak area

CH,O partial pressure (mbar)

0.20

0.15

0.10

0.05

0.00

400 C—l’ ,Q

/ 400 °C

300 °C ( ./

/7 450 °C
/0‘ 1:2

2 3 4 5

mixing ratio series
(T =400 °C)

temperature series
(CH,OH:0,=3:1)

Open questions:

What is the nature of the
sub-surface oxygen
species?

What is its role in the
catalytic reaction?

normalized sub-surface oxygen peak area

Bluhm et a. JPC 2004



Depth profiling

(calculated from Cu 3p and sub-surface O 1s)

Reducing conditions
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Open questions: What is the nature of the sub-surface oxygen species?
What is its role in the catalytic reaction?
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selectlve

Hn

Ethylene (Et)
C2H.
Large scale industrial

Process

- 16th most produced chemical
- 25 million ton/year (2012)

feedstock chemical

intermediate
for various
consumer products

unselectlve

After 50+ years of research,

Ethylene oxide (EO)
C.oH4O
J

0 20 40 60 80 100

% conversion

Hodnet, Heterogeneous ictalytic oxidation.(2000)

Ag is still the ONLY catalyst!




The mechanism of epoxidation on Ag

i /,;J main goal is to understand fundamental issues
J

\ / what controls the selectivity?
Different mechanisms proposed in the literature:

1) Different “forms” of oxygen on Ag 2) Common intermediate

- reinforced by DFT
- OMC intermediate
- limited experimental evidences

- derived from surface science

- Oelec => attack C=C

- Onucl => attack C-H

- selectivity = distribution of O species

IWe have to look at surfacel
intermediates!

- selectivity = energetics of TS




Ethylene epoxidation on Ag

Catalytic performance Surface spectroscopy
Reaction products C1s shows no signal. No
monitored online by GC measurable C-intermediates
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The Ag-O interaction

A

re there different forms of O on Ag? O1s XPS spectra
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The O species on Ag

How different are they? Properties?
Amount of Ag® Valence band

b T
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O1s assignments &

What are these species? Ag (111)at 108

Assignments

mbar 9@350K

Dynamics/kinetics
spectroscopic features (BE, Ag®*, XAS,VB)

Desorption/stabillty J. Schnadt et al PRB 80, 075424 (2009)
Ag®l (VB locatio .
Lable |BE (eV) o eV) |[n DFT reactivity
Oo; |528.1-528.7 |4.7 2.1
sutace [ feconstctons
529.2-529.4 2.3 - nucleophilic
Oy 529.5-529.8 10.9 2.6 lattice substitutional
? (surface O O
Oas 530.1-530.4 3.0 surface modifed by sub)
0.2 electrophilic B

sub- Rocha et al PCCP
OB 530.8-531.1 3.3 surface | octahedral 14 4554 (2012)




Back to epoxidation

Agpowder 100-200 nm

Selectivity to EO (%)

C2oH4+02 (1:2) 230 °C
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Promotion of Ag catalysts

Cl was added as ethyl chloride (EtCl).in the gas feed

few ppm EtCI as pulses
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g 8 5
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Time on stream (h) |
= 2.2 60 >
B o 2
20‘ B — .
3 g 2 o
g 18- 40 o
2 16 é =*130 2 Cl promotion renders more selective _
w® ] L = ‘
2 14 20 % catalyst by changing the distribution of _
Q ==
2 5l r&ﬁ 103 Oelec and Onucl =
(@)
—— T 0 —

—
N
w
IN
o
o
~
o
©

196 198 200 202 534 532 530 528

Cl (%at) -
Binding energy (eV) Binding energy (eV)

Rocha et al JACS. (submitted)



Promotion effect of Cl

% EtCl |Onucl|Oelec [0sum
. pulse |(%at) |(%at) |(%at
: 0 |74 |93 |167
| B pe— | 1st 70 |95 |16.5
Time on stream () - 2nd 6.0 [10.6 |16.6

3rd 4.9 110.0 |14.9

affect unselective path (CO-)
remove Onucl -
(site blocking) | enhance selective path (EO)
| more Oelec

'(Charge withdraw)

At high Cl coverages:
poisoning effect = blocks oxygen activation




Qi
FHI

O species with diff.
characteristics
(BE, Ag®*,VB)

distinctive Ag-O bonding

intermixing of O2p » oxidation reaction

Oelec/Onucl as a selectivity
descriptor

Ag4d/5s

different roles in

Oelec vs Onucl

Cl promotion

removes Onucl (site blocking)

]Thances Oelec (electronic effect)

i’promoter

correlation -

;’Performance

A

l active site
Oelec/Onucl

|

causation



Summary

core states

atom specific

quantitative

complex final state effects
chemical shift concept
theoretically difficult accessible
can be applied in the mbar range
surface sensitive

depth profiling
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