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Investigating structures at the local scale
via X-ray Absorption Spectroscopy
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X-rays absorption

Discovery of Xays in 1895 by Wilhelm Conrad Réntgen,
1stNobelPrizein 1901

lllustration by Alejandrdlartinezde Andrés, €SIC 2014

Kpax = h(v—1,).

A. Einstein "On a Heuristic Viewpoint Concerning the Production and Transformation of Lightfi

Annalen der Physik (1905)

Fig. 6.

Titanium.

HUGO FRICKE

' Fig. 10.

Titanium.

PaysicaL ReEvIEwW, VoL, XVI., SECOND SERIES.

September, 1920.

My EXAFS Family Tree.

Rdntgen (1895)
Maurice de Broglie (1913)

World War I (1914-1918)

Fricke (1920)
Kossel (1920)
Hanawalt (1931)
Kronig (1931)
Cauchois (1932)

Hayasi (1936, 1949)
World War II (1941-1945)

Sawada (1955)
Shiraiwa (1958)
Kostarev (1939, 1946)

Kozlenkov (1960)
Van Nordstrand (1960)

Lytle (14 July 1960)
Krogstad (1960}
Lytle (1962)

Prins (1964)
Parratt (1965)

Sayers, Stern, Lytle (1968-1971)

Sayers, Stern, Lytle (1974)

Discovered X-rays
Measured first absorption edge

Observed first fine structure

First theory of XANES

EXAFS in gases, temperature effect

First theory of EXAFS

Curved crystal transmission
spectrograph

Theory of EXAFS

Amorphous/crystalline polymorphs

Improved theory

Theory and measured EXAFS in
single crystals

Improved theory

Instrumentation, fingerprint ID, used
XAS to characterize catalysts

Starts work at Boeing (BSRL)

Personal communication

Particle-in-a-box model

Helped name EXAFS

Personal communication;
Rev. Mod. Phys. (1959). 31, 616

Modern theory, Fourier transform of
EXAFS

First trip to synchrotron (SSRL)

Lytle, F. (1999)Journal of Synchrotron Radiation 6(3): 123 134.



https://en.wikipedia.org/wiki/Heuristic
https://en.wikipedia.org/wiki/Light

X-rays absorptionspectroscopy
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Hard Xraysenergiesare in the range oforeelectronsexcitations

Electricdipole approximation
Selectiomrules
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How topracticallymeasureabsorption?

LambertBeer:
Auger
Photo electrons Fluorescence
electrons hve
hv hv
— —
Incoming beam Outgoing beam

Broadenergilrange
necessaryi.e. 440keV)
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XAFS: Xay Absorption Fine Structure

We createaphotelectron O Q' O XANES

X-ray Absorption Near Edge Structure
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XAFS: Xay Absorption Fine Structure

X-ray Absorption Near Edge Structure

_ K-edge
/k;ANES 1 : linearabsorption coefficient
L Emptystat c : EXAFS signal
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ABSORBANCE

NORMALIZED

XANE®re edgeand coordinationgeometry

Ti Kedge only coordination changes 1sA 4p + 3pdhybridization d are mordocalizedA sharppre edge
Geometricainformation canbe obtainedvia p/d mixing
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Farges F., G. E. Brown and J.Rehr(1997). Physical Review B56(4): 1809 1819.



normalized absorbance

normalized absorbance

XANE®re edge Fe K coordination AND valence
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XANES andxidation state

Kedge 1A np
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XANES andxidation state: life is not alwaysthat easy

7 Au metal foil
Au,yO . ayn
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Helmbrecht, C., D.Lutzenkirchen-Hecht and W. Frank (2015)Nanoscale 7(11): 49784983.




XANE$ake away messages

Informationprovidedby XANES arablvantages

A Strong signal ®asyto measure
[Cu"(H,0)e]"

A Informationavailable(minimum): o

cu'o
A Geometry ——
A Oxidationstate -

Cu'(phen),

Disadvantages

Normalized XANES, n-x

o o

A Geometry ANDoxidationstate information areoften entangled
A Thereis not auniversalmethodto obtain the information
A Theoryis complexand different approachedackledifferent problems

fcc metal

8970 9000 9030 9060 9090

Perspectives Energy, eV
A A goodplayg roundfor machinelearning_) Gudacet al. (2021). 'Understanding X-ray absorption

spectra by means of descriptors and machine learning
algorithms." npj Computational Materials 7(1).




EXAFS: Extendedr&y Absorption Fine Structure

XANES

X-ray Absorption Near Edge Structure
ElectronMeanFree Path (E)

(nm) e’ —z U :linearabsorption coefficient
[ NN L ¢ : EXAFS signal
100 |- ‘/_% \\\= ] < = >
. @ NS </

Exars
Ex tEn de d

10 -

g*\*s b S

Xp(E)

- - | pre-edge

SO .
btiop, Fine St
fUctyy
e

15 V¥

1 10 © 100 1000 E vin (eV)

Mn K-edge

6600 6700 6800 6900
Energy (eV)



.....

EXAF8xplainedn a single figure

Absorption (arb. units)

Kr T = 300 K
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High-pressure EXAFS of solid and liquid Kr
A. Di Cicco, A. Filipponi, J. P. Itié and A. Polian, Phys. Rev. B 54 (1996) 9086-9098




Excitation Propagation  Backscattering
Photoelectronwavenumber
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EXAF8quation

(O oY TG OkJ Y OB Q)

- Polarization | |
Simplifies to 1 in théollowing F( ) i scillateswith

if anysotropycanbe neglected Sphericalwave Frequency= 2 R
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Pair distance distribution :

_ _ Dampingterm: « Debye Waller factolike»
A Picture of thermal motion, EXAB8pendson T
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Pair distance distribution :

_ _ Dampingterm: « Debye Waller factolike»
A Picture of thermal motion, EXAB8pendson T
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SOLEIL

SYNCHROTRON

k..(Q

K®.chi(k) (A®)

|chi(k)| (A)

Addingup moreatoms

oAl G- 0 — " )| A

OKEJYQ B Q)

Mumber of Atoms

8 FeFe 2.45 A
4 FeFe 2.83 A
12 FeFe 3.97 A
24 FeFe 4.67 A

Pied de page | 22



SOLEIL

SYNCHROTRON

K®.chi(k) (A®)

|chi(k)| (A)

EXAF8xamples Febccvs Fe In Goethite

8 FeFe 2.45 A 3 Fe0 1.96 A
4 FeFe 2.83 A 3Fe02.11 A
12 FeFe 3.97 A 2 FeFe 3.02 A
24 FeFe 4.67 A 1Fe03.21A
2 FeFe 3.31 A
4 FeFe 3.44 A

K®.chi(k) (A®)

1 1 1
10 12 14 0 2

|chi(k)| (A)

Radial distance (A)

FT. goseudoradial distributionrepresentation




SULEIL

Multiple scatteringthe bccFe case
8 Fele 2.45 A . . g . Severaintense MS
4 FeFe 2.83 A ¢ J /39 /3 pathsare possible
12 FeFe 3.97 A air \\ In collineargeometry
24 FeFe 4.67 A
o
FEFF 8 | | | — |
calculations -
MSrequiresandprovides
Geometricainformation

Radial distance (A)

Pied de page | 24



EXAF$ke away messages

Informationprovidedby EXAFS aratlvantages

A Interatomicdistances

A Coordinationnumbers

A Nature ofatomicneighbors(for quite different )
A Disorderthermal effectsvia Debye Waller

A It canbe simulatedvia directanalyticalmethods
A We can stop simulations to first coordinaticell

A Beamlinesare getting better andbetter to providehigh S/N
A Manygood simulation codes arfecely available

Disadvantages

A Signaisweakand thermal/structuraldisordersreduceit evenmore
A Resolutiondependson kspace=lengthof EXAFS
A Limited information versusomplexstructures inmanycases
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EXAFS data analysis in a nutshell
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0.3

0.2

0.1

EXAFS data analysis in a nutshell
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EXAFS data analysis in a nutshell

Radial distributiorfunction containstoo
muchinformation versus EXAFS.

Mumber of Atoms
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EXAFS data analysis in a nutshell

fcc Cu
fcc Cu
T

fcc-Cu .,

b 25

The Fourier

transformhelps

in isolatinga

R narrow set of

B frequencies

|5 these
correspond to

limited

s information.

201

A

|

3 C3Y
U : ()
NyquistShannonT heoremappliedto EXAFS

Simulatinghe EXAFS signatplies
A Makinga structuralhypothesis
A Fit anumberof parametersN,, <Ny,



fcc-Cu .,

EXAFS data analysis in a nutshell

fcc Cu

The Fourier
transformhelps
in isolatinga
narrow set of
frequencies
these
correspond to
limited
information.
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fcc-Cu .,

EXAFS data analysis in a nutshell

fcc Cu

The Fourier
transformhelps
in isolatinga
narrow set of
frequencies
these
correspond to
limited
information.
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EXAFS data analysis in a nutshell
Atwo stepprocedureto model signal:

o " Chy e _
‘.. Createmodel Q0 |QY )lA OKEJVQ & )

Options Model creation

New shell modelled by FEFF:

Getyour simulation over the firsgshellrange

i
L

Atom type of absorber u fcc Cu

Atom type of scatterer
Absorber-scatterer distance A
Edge |K v
a2 0.003 e
<
N (SO2 fixed at 0.8) z
S
-10
A Variateparametersto fit experiment s}
-20
(@) Fit parameters () Fit results .
N - 25 ——1|| Theoretical chi of Cu-Cu at 2.54 A
Abs. Scat. Edge R theo R+ AR a2 Ael N ' ' ' :
0 1 2 3 4 5 6
Float Float Float Float Radial distance (A)

Float Cu Cu K 2.50 2.54 0.0082 3.43 12.00




XAFS fostudyingthe local structure of dopinglements

Stepwise photoassisted decomposition of carbohydrates to H2.

“C-C bond first” strategy of photoassisted splitting of
biomass carbons into C, liquid hydrogen carriers

O, Liquid hydrogen
carriers (LHCs)

”
BNy
o'0™®

L‘

HO' 'OH
OH
HO,, 5

Hydrolysis Ho'L Ef“ou

WA

Biomass Suaars . " N Selectivity among
g Flow-type catalytic solar- H,SO, J \ = C, products (%)
/ light-splitting of sugars “ O Feed-
‘ Hydrolysis y g stock 5 5
TadopedCeQ Au whon CO;

OH Photo-splitting

Poplar 7 67 29

Y H"H H” OH
Poplar Lignin Q L Ceoz % ©
OH

T3 018 90, _
=xf %=

Hydrolysis Wheat

straw

Nheat straw Sugar solution and the components

Ren, P., Z. Gao, T. Montini, Z. Zhao, N. Ta, Y. Huang, N. Luo, E. Fonda, P. Fornasiero and F. Wang (2028 7(2): 333 349. 3




Combination

HAADF STEM EDX

A Dispersion of Ta in/over Ce@ydrothermalsynthesiy

A XRD/HAADFRinchangedattice/ increaseddisorder

A Band gagsreducedfrom 2.6eV to 2.37eV by Ta doping
A Ce3+detectedby Raman

C Taoxidationstate / localisation ?

Intensity (a.u.)

Ta-CeO,
(111) ——CeO,
/\ (220)
\(200) (3;”
U' 1 '\(222) (400) (331)
A S\A
CeO, JCPDS no. 43-1002
, | : ‘ | | L 3 |
20 30 40 50 60 70 80

2 Theta (degree)
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XANESoxidation state

4
&t 3
Combinatic,)An
2 ]
HAADF STEM EDX 11
6u
A Dispersion of Ta in/over Ce@ydrothermalsynthesiy 0 oF
A XRD/HAADFRinchangedattice/ increaseddisorder
A Band gagsreducedfrom 2.6eV to 2.37eV by Ta doping
A Ce3+detectedby Raman
S o o 1 o860 9880 9900 9920 9940
C Taoxidationstate / localisation ? E(eV)

Taveryclose to 5+ state
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k1 x(k)

FT[k1x(k)]

EXAFS: local structure

—0.4
40 60 80 100 120
k(nm™1)
0.4
—— data
TaO
0.2 — fit
TaCe
0.0
~0.2
_0.4 T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
R(nm)

Tag O shellhighlydeformed

DFT
model

r(TéH) =0.97 A<<r(€d=1.14 A

Distance N R (nm) S? (107° nm?)
Ta-0 5.6+0.9 0.194 + 0.002
Ta-0 1.4+0.38 0.242 + 0.003 52

Ta-Ce 21+0.7 0.312 + 0.003

Ce*and Q mustcompensatere*

Tag Ce shorter andnly 2 detected Cé* lowersthe band gap of Ce0O

Taisin the Cé* site

36



Conclusions

XANES
Taoxidationstateis close to 5+
C Charge compensatios necessaryCé+

EXAFS

Tag O : 7oxygenginsteadof 8 over a cube in Cep

Tac Ce : Aetectedat amuchshorter distance
than CeCe (0.379 nm)

C distorted geometryinto CeQ

Suggests
C proximaloxygernvacancy

Distance N R (nm) S? (107° nm?)
Ta-0 5.6 0.9 0.194 + 0.002
Ta-0 1.4+0.38 0.242 + 0.003 52
Ta-Ce 21+0.7 0.312 £ 0.003

C Ce*localisednearby

37



Applications to nanebjects finite sizeeffecton CN

Anaverageparticle sizemaybe
deducedfrom N.
(Sizasweightedby size dispersion).

Diminishingsize
N* diminishes

»
>

E.g. Nifcd) N vs D (A)

I T T 17
12
g ) 1
£ 10 )7
= V4
'4% 8 ?‘l?;f’
Y]
EXAF$oordinationnumberis the weightedaverage = 5 4 N=12 [ _2_1]
of the coordinationnumbersof all absorbers 9 — )
&
B U o 4
0 —— @
€ ®
g 2
0
2 10 100 1000

Cluster Diameter (A)



Pt-Pd Bimetallicnanoparticlesfor NH,BH; hydrolysis
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Pt-Pd Bimetallicnanoparticles
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CubeOctahedron

Pt @rey) => CN = 5.4 (™)
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To be SAC or
not to be ?



CO, reduction over atomically dispersed Me-N-C

Me"Ac + phen

1% Fe

Pyrolysis
5 AC min't

| 20 % Phen up to 1050 AC (1h) Ar

planetary
ballmilling

Asprepared

(b) FeNC

e® Synthesignaybe more generalized

EXAFS analysis confirms the atomically-dispersed nature of Me-N-C :

(d) NiNC

A First shell peak at ~ 1.5 A assigned to Me-N(C,0)

A Second shell peaks at 2-3 A assigned to Me-C(N,0)

Fourier Transform

A Absence of metal signal due to metal clusters




CO, reduction over atomically dispersed Cu-N-C

-, Eco M chanol
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Reversible switching between CuN, sites and Cu nanopatrticles, that
are likely to be the catalytically active species at low potential

D. Karapinar[ €] Andr ea Zi t cMouel, MFFontetaveAngewandte\Chemie Int. Ed. 2019, 58(42), 15098-15103



CO, reduction over atomically dispersed Cu-N-C

-, Eco M chanol
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Estimated* NPs size: 0.47+0.04 nm

*Borowski equation (J. Phys. IV France. 1997, 7, C2-259--C252-260)

ConclusionOnlyin situmeasurementsnay provideananswer
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The charm of rust

FETO 7~ W= 7]




High-Density Metal lons in N-Doped Carbon Networks:
Powering FEONOC Catalyst Efficiency in the Oxygen Reduction Reaction.
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Zhang, X., L. TruongPhuoc, X. Liao, GTuci, E. Fonda, VPapaefthymiou, S.Zafeiratos, G. Giambastiani, S.
Pronkin and C. PhanitHuu (2021). ACSCatalysis11(14): 89158928.




Arannealed Acidwashed

Fe/NSC _ _
XRDaddingKSCNessparticlesare formed

remainingare allwashedout.

HRTEM : ngarticlesdetectedin Fe/NS/ashed
XPS:

A Fe2+ and Fe3detected

A FeN detected

So farsod 2 2 R Xisit acSALLI?



