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Plan

• X-ray Spectroscopies: XAFS, XES & RIXS

• TiO2 – nanostructures for photocatalysis

o Au/TiO2: plasmon induced hot electron transfer 
studied by differential illumination X-ray
spectroscopy

o V-doped TiO2 dopant matrix electron transfer

Ultra fast transient optical spectroscopy

Differential illumination X-ray spectroscopy



• “EXAFS”: Coordination numbers
Interatomic distances
Disorder of distances

• “XANES”: Absorber symmetry and 
valence/oxidation state 

Electronic structure of unoccupied states
Medium range structure

X-Ray Absorption Fine Structure
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XAFS and X-ray Emission Spectroscopy
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Resonant Inelastic X-ray Scattering

RIXS

Ti Kb (1s3p) RIXS in pre – edge region
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RIXS and fluorescence lines
• Above the edge

fluorescence lines (e.g. 
Ka, Kb) are at fixed energy

• In the RIXS plane fixed
energy lines lie on a 
straight line with slope = 1

• Near the edge the 
distribution of intensity is
more complex
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2

0000

32

0

ˆˆˆˆ
 



















 n an

nabn

an

nabn

EE

rr

EE

rr
mr

d

d




















• RIXS is a second order scattering process
described by the Kramers – Heisenberg formula



High Energy Resolution Fluorescence Detection

• Plot the scattered 
intensity as a function of 
incident photon energy 
for different “cuts” in the 
RIXS plane

• Obtain “high resolution” 
XAFS - HERFD

HERFD

sample



Local structure and charge transfer 
in doped TiO2 photocatalysts



Energy and environmental challenges

image taken from Y. Tachibana et al., Nat. 

Photonics (2012)

• Production of fuels from 
renewable energies

• Purification of water from toxic 
pollutants / bacteria



Synthesis of solar fuels and water purification: 
semiconductor photocatalysts

X. Chen, M. Grätzel et al., Chem Soc Rev 41, 7909 (2012)

Photo-electrochemical cell (PEC) 
with oxide photoanode for water 
splitting and hydrogen generation
Milestone paper:
Fujishima & Honda, Nature  (1972)

Semiconductor-based heterogeneous 
photocatalysis:
Photo-generated e- and h+ form O-
containing species:
●OH, ●O2

- , H2O2

very active in degradation of 
contaminants and inactivation of 
microorganisms

J Mat Chem 20 (2010)

2hv→2e- + 2h+

2h+ + H2O (l) →1/2 O2(g)+2H+

2H+ + 2e- →H2 (g)

Fundamental steps involved:
• Generation of charge carriers by photo-
excitation
• Separation and migration to trapping sites
• Interfacial charge transfer

Requirements:
• Absorption in the solar spectral range
• Energy of conduction band and valence 
band adapted to the reduction / oxidation 
potential



1st generation benchmark: TiO2

 long-term photostability and 
inertness to chemical environments
 earth abundant material, non-
toxic
 CB / VB energy suitable for water 
splitting
 absorbs only a small portion 
of the solar spectrum

3.0 - 3.2 eV



2nd generation photocatalysts: doped TiO2
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Systems studied

DopingPlasmon enhanced 
absorption

V:TiO2

• V reduces band gap
• Ultra fast transient

absoprtion
spectroscopy

• Location of V
• Differential illumination

to study charge transfer

Au NP:TiO2

• Plasmon resonance in NP 
to increase light 
absorption

• Differential illumination
to study charge transfer



L. Amidani et al., Angew. Chem. Int. Ed. 54, 5413 (2015) 



CB

VB

• Sensitize TiO2 to visible light by  
coupling TiO2 with metallic 
nanoparticles to exploit the 
surface plasmon resonance

• Enhanced photocatalytic activity

• Origin? 

Energy transfer

Hot electron transfer

Au NPs

e-
EF

SPR

Surface plasmon resonance in Au NPs



Samples

• TiO2 NP by sol – gel method

– Anatase from XRD and XANES

– «white», «black» (O 
vacancies) and N – doped
samples

• Au NP from HAuCl4 , 
10% in weight

• Au NP: increase rate 
constant for 
degradation of formic acid



Differential RIXS experiment

• Ti Kb RIXS, ID26 
ESRF

• Dark / light,  = 532 
nm, 200 mW in 1 
mm spot

• Au NP cause 
differences in dark 
– light spectra



Differential Spectra

laser on 

laser off 

_

=

spectral differences for

TFY
HERFD-I



Au NPs

e-
EF 

e- Ti4+ + e-  Ti3+

Electron transfer from Au to TiO2



Simulation by edge shift

TFY

HERFD-I

subtract

0.8 eV

• Assumes same
lineshape: no 
structural
rearrangement



One step further: different “cuts” in the RIXS plane

F. de Groot, AIP Conf. Proceed. 2007, 882, 37 – 43
D. Cabaret et al., Phys. Chem. Chem. Phys. 2010, 12, 5619
J. Vanko et al.,  arXiv:0802.2744, 2008

localized

de-localizedlocalized

de-localized



Interpretation

 Injected electrons in localized or de-localized orbitals have 
different effect
 De – localized: small structural rearrangement
 Localized: greater structural rearrangement

------

hot e-
+

+
+
+

+
+

x-rays

laser

 Hot electrons generated by SPR 
in Au are injected to Ti
unoccupied orbitals: hot electron 
transfer



V: TiO2 nanoparticle assembled films



V: TiO2 nanoparticle assembled films
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V-doped TiO2 nanoparticle films

• Particle size 10 – 20 nm
• Mixture of rutile & anatase, 

depends on deposition rate

rutile

anatase



V -TiO2 Optical Properties
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TiO2

• V-doping: increase of 
the absorption 
coefficient in the visible 
region. 

• In particular, the 
enhancement is 
localized between 350 
and 550 nm 



V-TiO2 photocatalysis
• Reduction of NO2

group in 4-
nitrobenzaldehyde 
(NO2-C2H4-CHO) to 
NH2-C2H4-CHO 
under irradiation 
with  > 450 nm 
light
o 9 × 10-5 M solution 

of NO2-C2H4-CHO in 
a CH3N/C 3H8O (4/1) 
mixture



V-TiO2 water splitting
• TiO2 and V-TiO2 NP 

based photoanodes in 
a photoelectrochemical
cell
o H2O/acetylacetone

solution

• Photon – current 
conversion efficiency is 
enhanced for V-doped 
NP for  > 360 nm



V: TiO2 nanoparticle assembled films:
ultra fast transient optical spectroscopy

Rossi et al., submitted to Appl. Cat. B



Optical Transient Absorption Spectroscopy

OPA

Sa
m

p
le

Probe  
pulses

Pump pulses

Detector

time

Δ𝑡

Δ𝜇 = 𝜇𝑝𝑢𝑚𝑝𝑒𝑑 − 𝜇𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑

PumpProbe

Laser 



Optical Transient Absorption Spectroscopy

• Above band gap (355 nm)
excitation of TiO2 NPs Yoshihara et al. J. Phys. Chem. B, Vol. 108, 2004

Trapped holes on
NP surface

Trapped electrons on
NP surface

Free electrons in 
conduction band

VB

CB
Trapped 
Holes

VB

CB

≈ 400 𝑛𝑚

≈ 730 𝑛𝑚
Trapped 
Electrons

CB

VB

Free 
Electrons



Above bandgap excitation (330 nm)

• Pump Wavelength: 330 nm 
• Photon per Pulse (Pump): 𝟖.𝟑 ⋅ 𝟏𝟎𝟏𝟐

• Fluence: 𝟐.𝟏 ⋅ 𝟏𝟎𝟏𝟔
𝒑𝒉

𝒎𝒎𝟐⋅𝒔

• Probe rate: 1 KHz

Setup Settings 

• Rise time of E 
signal < 80 fs: free 
electrons

• Fast + slow decay
components
o Fast: 2nd order

kinetics, E – H 
recombination

o Slow: exp decay, 
relaxation to 
deep traps in 
bulk

E = FE + TE



Above bandgap excitation

• Pump Wavelength: 330 nm 
• Photon per Pulse (Pump): 𝟖.𝟑 ⋅ 𝟏𝟎𝟏𝟐

• Fluence: 𝟐.𝟏 ⋅ 𝟏𝟎𝟏𝟔
𝒑𝒉

𝒎𝒎𝟐⋅𝒔

• Probe rate: 1 KHz

Setup Settings 

• Doping: speed up 
of fast decay
component
o Dopant induced

traps

E = FE + TE



Above bandgap excitation

• TH rise time 
200 fs: diffusion
from bulk to 
surface

• TH signal
o TiO2: no decay
o V-TiO2: 50% decay in 

300 ps

TH



Below bandgap excitation (530 nm)

• Persistent E signal, 
signature of long 
lived electrons on 
NP surface

E



V: TiO2 nanoparticle assembled films:
site location of V

Rossi et al., J. Phys. Chem. C 120, 7457−7466 (2016)



V:TiO2: Ti K - edge
• BM 23 @ ESRF

• Pre – edge, XANES & EXAFS: local structure is slightly
disordered replica of rutile (2) or anatase (5)
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V:TiO2: V K - edge
• Main edge: 

incorporation
site is similar to 
matrix

• Pre-edge: 
oxidation state 
of V is mixture
of 4+ (bulk) and 
5+ (defective, 
surface sites)5460 5480 5500 5520
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V:TiO2: V K – edge simulations

• Structural simulations with QUANTUMESPRESSO
• Spectral simulations with FDMNES (no muffin tin)
• Conclusion: V ions occupy substitutional cationic 

sites in TiO2, irrespective of whether it is similar 
to rutile, anatase, or mixed.



V: TiO2 nanoparticle assembled films: 
charge transfer by differetial RIXS

Rossi et al., Phys. Rev. B 96, 045303 (2017)



Differential RIXS on V:TiO2

• Differential RIXS experiment, ID 26 @ ESRF
• Laser diode on/off,  = 532 nm
• Ti and V edges



Differential RIXS on V:TiO2

VTi

Fit with Δ𝜇𝐻 ℏ𝜔 = 𝜉 𝜇𝐻
𝑜𝑓𝑓 ℏ𝜔 − Δ𝐸 − 𝜇𝐻

𝑜𝑓𝑓 ℏ𝜔



Differential RIXS on V:TiO2

• Ti and V edges shift in 
opposite directions!

• Evidence for 
simultaneous light 
induced oxidation of V / 
reduction of Ti 
(defective sites)



Physical Mechanism

VB

CB

Traps 

Intra-gap Levels 
localized near V 

atoms
Ti4+V4+V5+ Ti3+



Two level steady state model

• The excited state fraction 𝑛𝑒 obeys
𝑑𝑛𝑒

𝑑𝑡
=

1−𝑛𝑒

𝜏𝑔𝑒
−

𝑛𝑒

𝜏𝑒𝑔

• In the steady state 𝜏𝑒𝑔 =
𝑛𝑒

1−𝑛𝑒
𝜏𝑔𝑒

• Differential HERFD – XANES, 𝑛𝑒 ≅ 0.2

• 𝜏𝑔𝑒 from optical attenuation and laser fluence

• Lifetime of the trapped state 𝜏𝑒𝑔 ≅ 0.8 𝑚𝑠



Perspectives
• Time resolved x-ray

spectroscopy

o 100 ps time resolution
with SR storage ring, 
European Synchrotron
Radiation Facility, 
Grenoble



Perspectives
• Time resolved x-ray spectroscopy

o 100 fs time resolution possible at European X-ray
Free Electron Laser, Hamburg



EU-XFEL time structure
• Full burst mode 

– 2700 pulses/600 ms every 100 ms, time between pulses = 
222 ns, frequency = 4.5 MHz

• Intermediate case

– 120 pulses/600 ms,
time between pulses = 5 ms, 
frequency = 200 kHz

• Single pulse mode

– 1 pulse every 100 ms,
frequency = 10 Hz.



Large Pixel Detector

Von Hamos spectrometerJohann scanning spectrometer

2D detector Laser
• From UV to THz
• Up to 4.5 MHz
• 15 fs duration (min)
• 10 mJ – 1 mJ
• 100 – 500 mm



Collaborators, funding
• Collaborators

– Bologna: Luca Pasquini, Giacomo Rossi, Marco Calizzi, Nicola Patelli, 
Alberto Piccioni
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• Funding: PIK «EX-PRO-REL», PRIN 2015 «NEWLI»





The end


