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APPLICATIONS OF X-RAY SPECTROSCOPY IN CHEMISTRY

•• SummarySummary

-- General Introduction XAFS/XES General Introduction XAFS/XES 

Overview XANES/EXAFS utility in ChemistryOverview XANES/EXAFS utility in Chemistry

-- XAFS analysis of materials genesisXAFS analysis of materials genesis

-- XAFS analysis of industrialXAFS analysis of industrial--related chemical propertiesrelated chemical properties



APPLICATIONS OF X-RAY SPECTROSCOPY IN CHEMISTRY

•• XAFS (XES) Techniques: XANES and EXAFSXAFS (XES) Techniques: XANES and EXAFS

Fit Chemical needs (Atmosphere, P, T)Fit Chemical needs (Atmosphere, P, T)

Local order sensitive (around each component)Local order sensitive (around each component)

Independent of Independent of crystallinitycrystallinity

XANES: high S/N ratio (absence thermal effects)XANES: high S/N ratio (absence thermal effects)

NANONANO--CHEMISTRYCHEMISTRY

Control of Structure and Morphology (primary particle size, shapControl of Structure and Morphology (primary particle size, shape)e)

Structure / Morphology <> Chemical PropertiesStructure / Morphology <> Chemical Properties
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Electronic PropertiesElectronic Properties

-- EdgeEdge

-- PrePre--edgeedge

-- CRsCRs

OVERVIEW XANES APPLICATION: CHEMISTRY
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Electronic PropertiesElectronic Properties

-- EdgeEdge

-- PrePre--edgeedge

-- CRsCRs

OVERVIEW XANES APPLICATION: CHEMISTRY

W: W: TiOTiO22 W LW LII LLIIIIII--edgeedge

J. Phys. Chem. B 109 (2005) 6075

PrePre--edge Position and Intensity: Ox. State + Local symmetry edge Position and Intensity: Ox. State + Local symmetry 

CRsCRs: : ““ProjectedProjected”” Empty (Empty (s,p,ds,p,d) Density of States ) Density of States 
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Electronic/Structural Electronic/Structural 
PropertiesProperties

-- PrePre--edgeedge

-- CRsCRs

OVERVIEW XANES APPLICATION: CHEMISTRY

Cu Cu nanoparticlesnanoparticles

NanophasesNanophases

Th. CalculationsTh. Calculations

Size/Shape Size/Shape 
dependencedependence
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Electronic PropertiesElectronic Properties

-- EdgeEdge

-- PrePre--edgeedge

-- CRsCRs

OVERVIEW XANES APPLICATION: CHEMISTRY

W: W: TiOTiO22 XES W LXES W LIIIIII--edgeedge

Eur. J. Phys 169 (2010) 207

High Resolution => Fine electronic details High Resolution => Fine electronic details 
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Electronic PropertiesElectronic Properties

-- XANESXANES

OVERVIEW XAFS APPLICATION: CHEMISTRY
XES: selective spectraXES: selective spectra

Eur. J. Phys 169 (2010) 207
Oxidation State and Oxidation State and LigandLigand Selective Electronic details Selective Electronic details 
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Structural PropertiesStructural Properties

-- EXAFSEXAFS

OVERVIEW XAFS APPLICATION: CHEMISTRY

XES: selective spectraXES: selective spectra

Coord. Chem. Rev. 249 (2005) 65

Site (Local St.) Selective Structural details Site (Local St.) Selective Structural details 
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Structural PropertiesStructural Properties

-- PrePre--edge (s edge (s --> > p/dp/d))

OVERVIEW XANES APPLICATION: CHEMISTRY

Metal Oxides (1Metal Oxides (1st st TransitionTransition Series)Series)

X-Ray Spectrom. 37 (2008) 572
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Structural PropertiesStructural Properties

-- PrePre--edge edge (s (s --> > p/dp/d))

OVERVIEW XANES APPLICATION: CHEMISTRY

Metal Oxides (1Metal Oxides (1st st TransitionTransition Series)Series)

X-Ray Spectrom. 37 (2008) 572

Partially Reduced Partially Reduced 
And/orAnd/or

UndercoordinatedUndercoordinated
MetalMetal

MMn+n+
xcxc

Number Number 
Defects/VacanciesDefects/Vacancies
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CeCe3+3+ in quasiin quasi--stoichiometricstoichiometric particlesparticles

•• CeCe3+3+ <> Vacancies below 5 at. %<> Vacancies below 5 at. %
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•• Strain from CeStrain from Ce3+3+ presencepresence
Raman (CeRaman (Ce3+3+ < 1.6 at. %)< 1.6 at. %)

PCCP 6 (2004) 3524

OVERVIEW XANES APPLICATION: CHEMISTRY

Structural PropertiesStructural Properties

-- CRsCRs
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XANES: Relatively Poor Detection Limit XANES: Relatively Poor Detection Limit 



Structural PropertiesStructural Properties

-- CRsCRs

E ∝ 1/R2

OVERVIEW XANES APPLICATION: CHEMISTRY

PdPd--Cu Cu alloysalloys

J. Phys. Chem. 99 (1995) 12565
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Structural PropertiesStructural Properties

-- Primary p. size and shape Primary p. size and shape 
for for nanonano--particlesparticles

OVERVIEW EXAFS APPLICATION: CHEMISTRY

NanoNano--metalsmetals

PCCP  1 (1999) 4059; 12 (2010) 5562

1st Shell CN1st Shell CN

SizeSize

Dispersion (Surf. vs. Bulk)Dispersion (Surf. vs. Bulk)

High Sensitivity < 300 at.High Sensitivity < 300 at.
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Structural PropertiesStructural Properties

-- Primary p. size/shapePrimary p. size/shape

OVERVIEW EXAFS APPLICATION: CHEMISTRY

NanoNano--metalsmetals

Phys. Rev. B 81 (2010) 115451 

1st Shell CN1st Shell CN

SizeSize

Surface DisorderSurface Disorder

Size < 5 nmSize < 5 nm

Limited validityLimited validity
Usual Analytical ApproachUsual Analytical Approach

Underestimation CNUnderestimation CN
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Structural PropertiesStructural Properties

-- Primary p. size and shape Primary p. size and shape 
for for nanonano--particles (metals)particles (metals)

OVERVIEW EXAFS APPLICATION: CHEMISTRY

NanoNano--metalsmetals

PCCP  1 (1999) 4059; 12 (2010) 5562

1st Shell CN; size1st Shell CN; size

CNnCNn: CN1; shape: CN1; shape

FccFcc; ; hcphcp OKOK

Bcc; only  CN1 > 4Bcc; only  CN1 > 4
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OVERVIEW EXAFS APPLICATION: CHEMISTRY

NanoNano--alloysalloys

PCCP 12 (2010) 5562

Structural PropertiesStructural Properties

HomogeneityHomogeneity
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ΔΔ= = ααM1M1-- ααM2M2 ΣΣ = = ααM1M1 + + ααM2M2

CombinationCombination

DegreeDegree ofof interactioninteraction//mixingmixing



APPLICATIONS OF X-RAY SPECTROSCOPY IN CHEMISTRY

•• SummarySummary

-- General Introduction XAS/XES General Introduction XAS/XES 

Overview XANES/EXAFS utility in ChemistryOverview XANES/EXAFS utility in Chemistry

-- XAFS analysis of materials genesisXAFS analysis of materials genesis

-- XAFS analysis of industrialXAFS analysis of industrial--related chemical propertiesrelated chemical properties

M. FernM. Fernáández Garcndez Garcíía, a, IUCrIUCr--XAFSXAFS--20112011



CONTROL OF STRUCTURE AND MORPHOLOGY: SYNTHESIS

XAS XAS -- XRD XRD AnalysisAnalysis

PCCP 12 (2010) 559

Complementary analysis of the  local/long range order evolutionComplementary analysis of the  local/long range order evolution

Liquid Phase; synthesis of Liquid Phase; synthesis of ZeotypesZeotypes (Co(Co--AlPOAlPO))
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CONTROL OF STRUCTURE AND MORPHOLOGY: SYNTHESIS

XAS XRD XAS XRD AnalysisAnalysis

PCCP 12 (2010) 559

Detection of four different regionsDetection of four different regions
(Initial) Intermediate only detected by XAS(Initial) Intermediate only detected by XAS

Liquid Phase; synthesis of Liquid Phase; synthesis of ZeotypesZeotypes

M. FernM. Fernáández Garcndez Garcíía, a, IUCrIUCr--XAFSXAFS--20112011



CONTROL OF STRUCTURE AND MORPHOLOGY: SYNTHESIS

Synthesis of OxidesSynthesis of Oxides

Solid state treatmentSolid state treatment

High Surface AreaHigh Surface Area
NanostructuredNanostructured AnataseAnatase materialsmaterials
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J. Phys. Chem. C 111 (2007) 674
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AnataseAnatase--type Structuretype Structure
TiTi5c5c

4+4+

XANES XANES SpectraSpectra: : PrePre--edgeedge EXAFS EXAFS SpectraSpectra
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CONTROL OF STRUCTURE AND MORPHOLOGY: SYNTHESIS

Solid phase: Initial PrecursorsSolid phase: Initial Precursors
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R < 4 R < 4 ǺǺ may inform about the may inform about the nucleationnucleation stepstep

J. Am. Chem. Soc. 129 (2007) 13604

CONTROL OF STRUCTURE AND MORPHOLOGY: SYNTHESIS

Treatment of Solid precursors; synthesis of OxidesTreatment of Solid precursors; synthesis of Oxides

EXAFS EXAFS SpectraSpectra: Ti: Ti--TiTi 2nd Shell CN2nd Shell CN
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33--5 5 ÅÅ local order local order →→ control control nucleationnucleation and primary particle sizeand primary particle size

Thermodynamic factorThermodynamic factor

MultitechniqueMultitechnique XAS; XRDXAS; XRD--PDFPDF
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CONTROL OF STRUCTURE AND MORPHOLOGY: SYNTHESIS

Treatment of Solid precursors; synthesis of OxidesTreatment of Solid precursors; synthesis of Oxides
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CONTROL OF STRUCTURE AND MORPHOLOGY: SYNTHESIS

XAS XAS AnalysisAnalysis

Treatment of Solid precursors; synthesis of OxidesTreatment of Solid precursors; synthesis of Oxides

J. Phys. Chem. C 111 (2007) 674

R > 4 R > 4 ǺǺ may inform about the may inform about the growthgrowth process (at low T)process (at low T)

GrowthGrowth (D(D22--DD00
22) = ) = kTkT; 15; 15--30 kJ mol30 kJ mol--11 ; hydration surface layers; hydration surface layers
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SurfaceSurface ““sensitivesensitive”” DRIFT DRIFT SpectraSpectra
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Control particle shape: complex phenomenon (thermo/structure)Control particle shape: complex phenomenon (thermo/structure)

CONTROL OF STRUCTURE AND MORPHOLOGY: SYNTHESIS
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TiOTiO22 AnataseAnatase NanomaterialsNanomaterials: Size and Shape: Size and Shape

Morphology control :Morphology control :

J. Am. Chem. Soc. 129 (2007) 13604
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CONTROL OF STRUCTURE AND MORPHOLOGY: SYNTHESIS
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Size Size ShapeShape

3 Size Regions3 Size Regions
Size < 5Size < 5--6 nm; low activity6 nm; low activity
NO clear differences a/b 15 nmNO clear differences a/b 15 nm
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CONTROL OF STRUCTURE AND MORPHOLOGY: ACTIVITY



APPLICATIONS OF X-RAY SPECTROSCOPY IN CHEMISTRY

•• SummarySummary

-- General Introduction XAFS/XES General Introduction XAFS/XES 

Overview XANES/EXAFS utility in ChemistryOverview XANES/EXAFS utility in Chemistry

-- XAFS analysis of materials genesisXAFS analysis of materials genesis

-- XAFS analysis of industrialXAFS analysis of industrial--related chemical propertiesrelated chemical properties
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CHEMICAL ACTIVITY OF MATERIALS

XAFSXAFS--SAXSSAXS--WAXS;  XAFSWAXS;  XAFS--UV (MS) approachesUV (MS) approaches

Real Real ““operandooperando”” conditionsconditions

Time dependent Structure Time dependent Structure –– Chemical Activity Chemical Activity 
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MutitechniqueMutitechnique SYNCHRONOUS SYNCHRONOUS approachapproach

Heat gun

Capillary

WAXS 
detector

SAXS detector
(containing It)

UV-Vis probe

(a) (b)

Io

Catal. Today 145 (2009) 204



CHEMICAL ACTIVITY OF MATERIALS

Energy Dispersive EDEnergy Dispersive ED--XAFSXAFS--IR (MS)IR (MS)

μμss ““realreal”” singlesingle--shot Time Resolved experiment; shot Time Resolved experiment; TOFsTOFs
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MutitechniqueMutitechnique SYNCHRONOUS approachSYNCHRONOUS approach
Modern requirementsModern requirements

Flat Au
mirror Spherical

Au mirror
IR

Detector

IR
Spectrometer ID24 polychromator

vessel

To dispersive 
EXAFS detector

Catal. Today 145 (2009) 204



CHEMICAL ACTIVITY OF MATERIALS

Spatial Resolved EDSpatial Resolved ED--XAFSXAFS--IR (MS)IR (MS)

2D (3D) sub2D (3D) sub--μμmm analysis of industrial Structures analysis of industrial Structures 
(pellets, monolith)(pellets, monolith)
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MutitechniqueMutitechnique SYNCHRONOUS approachSYNCHRONOUS approach
Modern requirementsModern requirements

Chem. Soc. Rev. 39 (2010) 4741



CHEMICAL ACTIVITY OF MATERIALS

SummarySummary

Fast (msFast (ms--μμs)s) easy track of structuraleasy track of structural--
electronic propertieselectronic properties

Combination SurfaceCombination Surface--Bulk Bulk 

(Spatial(Spatial--resolved) Informationresolved) Information

Link with Chemical Activity Link with Chemical Activity 
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XAS techniques;  novel experimentXAS techniques;  novel experiment

Nat. Mater. 6 (2007) 528



CHEMICAL ACTIVITY OF MATERIALS

SizeSize--dependence => Fitting procedures dependence => Fitting procedures 

Statistical Analysis: SelfStatistical Analysis: Self--resolving or multivariate curve resolutionresolving or multivariate curve resolution
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XANES technique;  timeXANES technique;  time--resolved studiesresolved studies

Angew. Chem. 46 (2007) 8629
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CHEMICAL ACTIVITY OF MATERIALS

2D Chemical (10 x 10 nm x 2D Chemical (10 x 10 nm x 1010--100 100 μμmm) imaging of ) imaging of 
““activeactive”” speciesspecies
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Nature 456 (2008) 222

initial

H2

CO:H2

XANESXANES--Fluorescence microscopy technique; Spatial Resolution Fluorescence microscopy technique; Spatial Resolution 



CHEMICAL ACTIVITY OF MATERIALS

3D Chemical (10x10 nm x 360 3D Chemical (10x10 nm x 360 00) imaging of ) imaging of ““activeactive””
speciesspecies
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Appl. Phys. Lett. 82 (2003) 3360

XANES (XRD) XANES (XRD) microtomographymicrotomography technique; Spatial Resolution technique; Spatial Resolution 



CHEMICAL ACTIVITY OF MATERIALS

EXAFS analysis assumptionsEXAFS analysis assumptions

σσ22 constant and/or R harmonic distribution constant and/or R harmonic distribution 
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EXAFS technique;  timeEXAFS technique;  time--resolved studiesresolved studies

J. Am. Chem. Soc.  132 (2010) 4540

Pd sizePd size--dependence; cycling CO/NO at 673 K dependence; cycling CO/NO at 673 K 
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CHEMICAL ACTIVITY OF MATERIALS
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EXAFS technique;  timeEXAFS technique;  time--resolved studiesresolved studies

J. Catal. 270 (2010) 275

Pd sizePd size--dependence; cycling CO/NO at 673 K dependence; cycling CO/NO at 673 K 
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CHEMICAL ACTIVITY OF MATERIALS
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EXAFS technique;  timeEXAFS technique;  time--resolved studiesresolved studies
Pd sizePd size--dependence; cycling CO/NO at 673 K dependence; cycling CO/NO at 673 K 

J. Catal. 270 (2010) 275
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““DynamicDynamic”” Surface NormalizedSurface Normalized

((TOFsTOFs) ) ““TrueTrue””ActivityActivity
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