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Abbreviations

XAS: X-ray Absorption Spectroscopy

NEXAFS : Near Edge X-ray Absorption Fine Structure
(preferentially used for low Z elements : O, N, C,.....)

XANES: X-ray Absorption Near Edge Structure

EXAFS: Extended X-ray Absorption Fine Structure

SEXAFS: Surface Extended X-ray Absorption Fine Structure
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What is NEXAFS/XANES?

S. Bare
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Valence- and Rydberg States in
Molecules

unbesetzte
Molekiulorbitale

Photonenenergie

Absorption
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Detection
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X-Ray Absorption Spectroscopy
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XANES transitions

XANES directly probes the angular momentum of the
unoccupied electronic states: these may be bound or unbound.,
discrete or broad, atomic or molecular.

Dipole selection rules apply*: Al==x1, Aj==%1, As = 0.

Primary transition will be:

» s — p for K (1s core electron) and L, (25 core electron
initial state) edges

* p —>dtor L, (2p,,) and L; (2p;,,) edges

But. ... final state usually not atomic-like and may have
mixing (hybridization) with other orbitals. This 1s often the
interesting part of the XANES!

* Some transitions are true quadmpolar transitions. These are usually very weak.
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XANES interpretation

* The EXAFS equation breaks down at low-£, which complicates
XANES interpretation.

* We do not have a simple equation for XANES.
XANES can be described gualitatively (and nearly guantitatively) in terms of:

coordination chemistry regular, distorted octahedral, tetrahedral. ..

molecular orbitals p-d hybridization, crystal field theory
band structure the density of available occupied electronic states
multiple scattering multiple bounces of the photoelectron

* These chemical and physical interpretations are all related:

What electronic states can the photoelectron fill?
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» In years past x-ray absorption spectra were taken with use of photographic plates.

» Absorption edges appeared as unexposed bands on the plate (developed in
negative), or “white lines”.

» Very prominent for L-edges of transition metals i high oxidation states.



Local coordination environment

' Both Ti**
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* T1 K-edge XANES shows dramatic dependence on
the local coordination chemastry.

S. Bare
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Estimation of the oxidation state
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« Many edges of many elements show significant edge shifts

(binding energy shifts) with oxidation state.

+ First observation was by Berengren for phosphorus in 1920%! S. Bare

*See “A history of X-rav absomption fine stucture”™, B Stumumn von Bordwehr, Amn. Phys. Fr. 14 {19890 377-466)




XANES Analysis: Oxidation state of
sulfur
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Sulfur type Formal oxidation
state
Sulfide 2

Thiophene 1+

Sulfoxide 2+
Sulfone 4+
Sulfate 6+

. Sulfur K-edge XANES used to

::I[l:r:: identify and quantify the form of
sulfur in heavy petroleum, coals, soils

etc.

I

C 11 eV edge shift from S to 6

Spectra of S in similar environments
similar: thiophene. benzothiophene.

Mormalized Absorbance

i

Can be used as fingerprint.

¥ 0.5
i Kpich

S. Bare p4EE T UPaTe T “gams "“Haso

Energy lev)

Eeference: George and Gorbaty, J. Am. Chem. Soc. 101 (19707 3182



AC

FHI

What do we learn from XANES?

XANES is strongly sensitive to the chemistry (formal
oxidation state and geometry) of the absorbing atom.

Transitions

Information Content

Pre-edge |Features caused by Local geometry around absorbing atom.
electronic transitions to Dependence on oxidation state and bonding
empty bound states. characteristics (chemical shift).

Transition probability
controlled by dipolar
selection rules.

Edge Defines ionization Dependence on oxidation state (chemical
threshold to continuum shift), main edge shifts to higher energy with
states. 1ncreased oxidation state. (As much as 5 eV

per one unit change).

XANES [|Features dominated by Atomic position of neighbors: interatomic
multiple-scattering distances and bond angles. Multiple
resonances of the scattering dominates but ab initio
photoelectrons ejected at  |calculations providing accessible insight (e.g.
low kinetic energy. Large |FEFFS).
scattering cross section.
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» Spectra simpler to measure than EXAFS: features intense, concentrated
in small energy region.

+ Weak temperature dependence (Debye-Waller). so spectra can be
recorded at reaction temperature (in situ):

« Exp(-2k’c?) = exp(-2(0.5)? x 0.005) ~ 1
» Faster to measure than full spectrum: <msec demonstrated.
» Sensitive to chemical information: valence, charge transfer.
* Probes unoccupied electronic states: important in chemistry.

* Often used as simple “fingerprint” to identify presence of a particular
chemical species.

* Beamlines with micro-probe capabilities can also scan energy and obtain
XANES spectra with elemental distribution.



Time Evolution of XANES: Kinetics
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TPR-XANES showing
reduction of vanadium as
catalyst 1s heated 1n H, to 500°C

=t Heat 1n
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mE

28

80 sec/scan



Polarisation dependency

Benzene Molecular Orbitals
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& This is not completely right!
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Elements for EXAFS

B Not accessible
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Synchrotronradiation Facilities in the
soft X-ray range

ALS (LBL, Berkeley CA USA)
Astrid (Aarhus, Danemark)
BESSY (Berlin, Deutschland)
Elettra (Trieste, Italy)
Superaco (Orsay, France)
Max-Lab (Lund, Schweden)
NSLS (BNL, Brookhaven, NY USA)
PAL (Pohang, Korea)
Photon Factory at KEK (Japan)
SLS (Villingen, Schweiz)
Spring-8 (Japan)

SRC (Staughton, WI USA)
SRS (Daresbury, UK)
SRRC (Hsinchu, Taiwan)
SSRL (Stanford, USA)
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@ Plane Grating Monochromator Beamline

plane grating
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Transmission von 20 cm

air
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Experimental Set-Up
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manipulator

properties of the
set-up
mMass spekirometer
butterfly-valve *heating up to 900 K

epressure up to 20 mbar

*batch- and flow-through-mode

process pump eangular dependent measurements

gas inlet by MFC

Urvvave |

turbo pump

9 d) 100 mm

”
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In situ XAS detector system

collection- collection-
qid plate
polyimide-
window
hv N\°
— OF ¢
N
e- /
+A 5V Simultaneous detection
' of gas phase- and sample
Igrid Icol lsclm signal
Qas phase- gas phase- and sample-

signal signal

A. Knop-Gericke et al
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Analysis of the Near Edge X-ray Absorption Fine Structure (NEXAFS)

O K-edge
25 | o
530.8 eV 0, NEXAFS of the O K-edge
G*
1 539.2 eV
2 | 1 541.4 eV
* Total electron yield of the gas

= phase dominates all signals,
s 5y therefore only small
‘g differences in the detector
E lget signals

b

CH3OH + O3 lgas Substraction allows to
Ty separate the absorption signal
05 } CH3OH of the surface of the catalyst
534.0 eV
(ldet'|gas )« 3
CUZO
Cl 532.8 eV
520 | | | 540 | | | 560

Photon Energy / eV A. Knop-Gericke et al



Methanol Oxidation
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2CH;OH+0O, == 2 CH,O+2H,0 oxidative dehydrogenation
CH;0OH m— (CH,O + H, dehydrogenation
2 CH,OH + 3 O, ==t 2 CO, + 4 H,0 total oxidation
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NEXAFS at the Cu L;-edge Catalytic Activity

Cu Ls-edge o
a5 | Flow ratio O, / CH30H §\:/ P o
T . “‘
O “‘
3t 5 :
= Temperature § 60 - ______________ L
\“i 25 8 ._ _______
% 4 | ! ! ! | ! ! ! | ! ! ! ! ! !
> 670 K 02 0.4 06 08 1
c 2T Flow ratio O , / CH30H
o
o | 670K Increased activity for
w - 0
= gas flow ratios:
S | s70K Reference Cuz0 O,/ CH;0H < 0.5
0.5 |
Transition from an
o | 300K oxidic copper-phase to
el

the metallic state

925 930 935 940 945
Photon Energy / eV

A. Knop-Gericke et al
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NEXAFS at the O K-edge

O K-edge
Flow ratio O, / CH30H
531.6 eV
Temperature
10 | 536.6 eV
0.6
less active
670 K
—~ 8| —_—
> 0.2
&)
©
5 670 K | _
> 6 TN 0.2 very active
S *NEXAFS of the active
o) state is completly
0 570 K .
= 4T different from the
o NEXAFS of the known
copper-oxides
2 -
Reference Cu,0 e 2 oxidic- and 1
532.8 oV suboxidic species can be
. | 300K distinguished
TR AT S T [N T T T TN A T TN T S [N S T S T AN T N TSN T N TR N

520 530 540 550 560 570
Photon Energy / eV

A. Knop-Gericke et al



Correlation between
the SuboxideSpecies and CH,O-Yield
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Variation of temperature at
O,/ CH;OH=0.2

670K 720K
"l +
70K 620 K *Intensity of the suboxide
0BT species increases with
Z increasing temperature
S
= 06 - Intensity of the suboxide
% species is positively
R oal correlated to the yield of
5 CH,O and CO
3
p.
02
——
470 K
0 -
420 K
o o o 1' A. Knop-Gericke et al

Intearated Intensity (norm. u.)



Correlations between
oxidic species and CO,
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*Intensity of the oxidic species Ox  decreases with increasing CO,-yield

Su

»2 areas of activity can be distinguished

A. Knop-Gericke et al



Model

Proposed model of the copper surface under reaction conditions for methanol oxidation

CO+H, CO,+H,0 CH.OH

N\ crom

CH,O+H,

CH4OH

Subox

CH,O+H,0

O,

A. Knop-Gericke et al
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n-Butane Oxidation to MA
by Vanadium Phosphorus Catalysts

1,5 Vol%

CaHio

CaHio

VPO
+ 350 > + 4 HO
400 °C, 1 bar
air Maleic Anhydride (MA)
+ 650 — 4 CO, + B5HO
+ 450 — 4 CO + 5 HO0

Active phase: highly ordered vanadyl pyrophosphate (VO),P,0,) ?



AC

The VPO V L,-NEXAFS
FHI

Analysis of spectral shape by unconstrained least squares fit

VS
V L;-edge V valence

(o)}

Details of the local
chemical bonding

IN
T

Local geometric

structure

Total Electron Yield (norm. u.)
N

o
\

512 514 516 518 520

Photon Energy / eV M. Havecker et al.
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Interpretation of V L; NEXAFS

— NEXAFS resonances
appear in a sequence of

V-0 bond lengths

Relative Resonance Position / eV

Experimental finding:

V205

Relative Resonance Position / eV
-

1.6 1.8 2 2.2 2.4 2.6
Bond Length / A

1.6

1.8

2 2.2 2.4 2.6
Bond Length / A

M. Havecker et al.

2.8
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Changes of NEXAFS while heating

QAT}OR J[IYM dSBIIOJ(]

G/ JO AlIsuajul “jul Jo uonaodoad

Relative spectral Intensity of V¢ at V L;-edge

0,55

0,50

0,45 -

0,40

0,35

0,30

RT
ﬁ 4

V L;-edge

d (norm. u.)
o

400°C RT 400°C RT

514 516 518 520
Photon Ene eV

MA Yield (a. u.)

Spectra number

M. Havecker et al.
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Interpretation of V L; NEXAFS

Identification of resonances (V5, V6):

V,0; as model substance for VPO

O(1a)

DFT calculation of DOS (V,05 !)*: 0@) O(2)

V,0;: Close relationship between geometric and
electronic structure at V L;-absorption edge

O(3) 0(2)

 O(1b)

— main contributions to
NEXAFS resonances

appear in a sequence of = V6: O(la)
V-0 bond length = V5: ? (estimated value of bond length

between O(2) and O(1a): 1.72 A)
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System: vQ, on silica support (SBA-15)

Objective: What is the molecular structure
of dehydrated VO, species
(monomer vs. polymer)?

Methodology: In situ NEXAFS in combination with
DFT cluster calculations

Question: Spectroscopic evidence for V-O-V

bonds?
A B C D
P“‘o i T o ¢ 7
O/ V.
=\ — B
@ T e %

silica (SBA-15)



Differentiation between gas phase and
surface contribution by proper selection of
the Auger-window
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Auger line

O, gas phase
=y t‘ﬁn
L V LMM O KLL
°
£

VO, bulk solid

l Il L | l L 1 1 l L 1 L l

400 450 500

Kinetic Energy / eV

350



Simulation of O K-NEXAFS for various
VOx clusters on silica

| L L DL DL LA |
— v=0(1)
- -~ V-0(2)-V
------- V-O(2)-Si
--=- Si-0(2)-Si

V-0(2)-Si  Si-O(2)-Si

V-0O-V bond

Intensity (arb. units)

v R A P B D
53 534 538 542
Photon Energy (eV)

no signature of
Si-O-Si bonds

M. Cavalleri et al., J. Catal.
262 (2009) 215




% Exper'imen‘l'al: In situ soft X'I”GY NEXAFS

Electron yield technique: (secondary) de-excitation process
(Auger decay) as measure for absorption cross section o :

Nabs= C*(l"e-cp) ~ C*Gp O ©° Nhole -> O ©° IEy -> IEy°° Nabs

X-ray
Siz;N; membrane / (UHV)

d

=)  electron spectrometer

\ Auger Electron Yield

Total
Electron
Yield

spectrometer aperture




AC

FHI

Experimental O K-NEXAFS of
Mg vanadate reference compounds

Vv L3!2- O-K edges 0.5mbar Ar@RT

|
|
|
LA
i T
3 |:" Mg,V,05
2 "J ” I’ ‘\ f/\_/”,
© 2 " . /
2 ¥ N
S / I
5|~ |
w |
E |
g :
I
|
PO B
i Mg3V50g
/'. I- A a
..! ¢
v \_/ \':; \./
F |
' |

| I 1 1 1 L I I | L 1 1 I L L L L I 1 L Il L l
520 $30 540 550 560
Photon Energy / eV
1

V2p & V3d O1s 9 02p



Fingerprint of V-O-V bonds
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VL3 o~ O-Kedges 0.5mbar Ar@RT O K-edge O K-edge detail
0.5mbar Ar@RT
: fingerprint of
S N Y _ = V-O-V oxygen
£ / : . MgoVo07
3 < . % '._ 4
ABFRVAR 2 ' -
> Jj o\ z -
S S
3 g 2N
© ©
= =
f ‘,ﬁ Mg3V50g
/i
3 : 3 . .
VAR AN
..-r/j
PRREST ST SN T GHNST TR SN TR VHN ST SN TN TN W NN S S ST SN N TN TR S T PSR SN SN R TN TN TN T T WY U U NN TN T T TN N U ST M M [ T TONY WO U Y S W N O
520 530 540 550 560 529 530 531 532 533 534 535

Photon Energy / eV Photon Energy / eV



Experimental O K-NEXAFS of
VOx/SBA-15 in O, gas at 400°C

(after correction for gas phase transmission)
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VLj 5 +0 K-edges 400°C, 0.5mbar 02 O K - edge 400°C, 0.5mbar O2
]
V loadinglon SBA15: ' O v bonds
|
O-V bonds |
|
V loading on SBA15: :
|
— J - P
© !
> [
1 = |
o 8wit%V
© [} |
o | 2wV /\v Y -~ |
@ @ I
O | ewt%V /\ o
3 3
g /\/ 3 |
|
sV AN 12wWt%V!
—
12wWt%V /\\ /\_/
14m%v_J[’\/\
/\’\ vzos?’ der)
— ppwder
V205 (powder) P \
IIIlIlllIlIIIlIllJIJIIIJIJlJIJIIIJ hlllllIIJlllllllllklllII|JJlIlIIII|lll|
500 510 520 530 540 550 560 528 529 530 531 532 533 534

Photon Energy / eV Photon Energy / eV



& Comparison of experimental O K-NEXAFS
FHI with theoretical cluster simulation

Comparison with theory allows
to differentiate between
different V-O bonding
configurations

O K-edge

A distribution of vanadia

= Sxpenmen species is present including
g § wtvo V non-monomeric species

M. Havecker et al., pss(b)
246 (2009) 1459

M. Cavalleri et al., J. Catal.

528 529 530 531 532 533 534 535 262 (2009) 215
Photon Energy / eV
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Why Auger Electron Yield?

Total Electron Yield

Total Electron Yield

VO, (bulk) Vi, 5 O K-edges

O, pressure (mbar):

A

_/-\_/\/J\-.___/ —— 0F

A

?:i\ 0.3
_/'\A/J

__,J \ 0.4

A

. . -
J%k

J\ o 0.8
1 | 1 1

510 520 530 540 550 560
Photon Energy eV

O, pressure
varied

vacuum

0.8 mbar O,

Auger Electron Yield (E_kin=385eV)

Auger Electron Yield

VO, (bulk) VL, 5- O K-edges

O, pressure (mbar):

\M

/ : i {

-—J’: f‘ ! ;fﬁ\"\jﬂ“ b=

iad Al A

IV AN st
/ { *"\/ ?\- 0.5
ji f’i ATAS P .
AR ‘,{'
'y :

’-J; ‘4/ ‘\”; ’ﬁ\M
4 ?

| T T T T | 1 | 1 1

510 520 530 540, 550 560

Phott \ Energy /£ \V
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O K-edge

transmission corrected

IDistortion by
gas phase
absorption

gl ¥
Q2
>-
-
% TEY of Og-gﬂskmeasured
Q
L
o)
o
é gas phase transmission
M -
Sooabk i, Wwo o ~ Slmula‘ri.on of photon
530 535 540 545 absorption of O, (24mm,
Photon Energy / eV O.5mbar‘, ZOOC )
N RIS S N TR N N RS SRR T N TR SR RN N S R
530 535 540 545 550

Photon Energy / eV
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How relevant are results obtained in 0.5 mbar reaction
atmosphere for “the real world"?

7.5Ag/SiO_-iw; AyOH formation vs. pressure

R —— 100 - P (1-pentyne) = 0.1 mbar
a0 ' ' ' ' o5 T= 308 K
- v o flow exp. ¥V v - ",
o closed-loop batch exp. ¥ %“E BO - —
A in situ-XAS at 7.5 mbar _— :’.
g i el o ;" S 60 - m'wm Pentane E
z 20 0% E 1 @
| < 40 == 1-Pentene 5
5 % B :
10 . 20 -
oo
i oo . .
o
o — .“ﬁa - L“ﬂ.?.? PPN el N u Ty T T T T T T T T
1E-3 0,01 0,1 1 10 0 ‘jd 5] I\E» 10 12 14 16 18
M. Bron et al. piar D. Teschner et al. p(Hz), mbar

Selective hydrogenation of

. Selective hydrogenation of
acrolein to allyl alcohol over Ag

Pentyne over Pd
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Outlook / Future plans
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How relevant are results obtained in 0.5 mbar reaction
atmosphere for “the real world"?

Strategies:

verify gas atmosphere composition during experiments (selectivity!)

construction of fixed bed reactor at 1<p<1000mbar to perform
kinetic measurements

construction of soft-XAS cell operated in electron yield mode
at 1<p<1000mbar

Theory to explore extended regime of u(T,p)



Outlook / Future plans

sample

- 1 st aperture



& Outlook / Future plans
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