
The role of  Electron Spin Resonance  in 
studying the photocatalytic mechanism of 

semiconductor oxides



Surface reactions



The ESR results allow to optimize the photocatalitic mechanism also 
based on the relations with:

the crystal structure (energy gap)
the crystal morphology and surface area
the presence of mixed oxides
the doping with transition metal ions
the hybridization with polymer membranes



This work was pioneer in our research but also a reference point of several 
following researches (more than 500 citations)

It has been there reported the selective preparation of TiO2 as for the 
structure and the morphology,  and for the first time they have been related 
to the catalytic activity



Rutile

Anatase

Mixed phase

The morphology of the rutile crystals 
corresponds to faceted and elongated prismatic 
particles with an aspect ratio (length/width) of 
∼5. 

The anatase particles have aspect ratios between 
1 and 3. The particle size can be controlled by 
changing the experimental conditions and varies 
between 10 and 16 nm for anatase

The photocatalytic activity increases with 
increasing crystallite size. This suggests that the 
electron-hole pair recombination plays an 
important role during the photoprocess.

Charge recombination is apparently slower in 
well-faceted and big rutile particles, thus 
promoting a higher activity, despite the decrease 
of specific surface area. 



□ S 371H   mineralization curve of pure rutile    

It was hypothesized that higher the aspect 
ratio of the particles, lower the electron-hole 
recombination rate  



ESR spectroscopy allows to detect the electrons and holes in the catalyst



Fundamentals of ESR spectrocopy

A) Energy interaction of one elecron in the magnetic field    
B) Energy change induced by the magnetic field  on one electron 

A B



g tensor dependence on the energy level trend of the 
paramagnetic centers



O- O2
- Ti3+

Paramagnetic species ESR active in TiO2 semiconductor oxide



Energy level distribution in anisotropic O2
-

g tensor expressions in anisotropic O2
-

Magnetic resonance prediction for O2
-



Magnetic resonance prediction for anisotropic Ti3+

and for O-

gzz = 2      gxx,yy=  2.0023- 2ζ /Δ E       Δ E separation  energy due to anisotropy 



Detecting electrons and holes in TiO2



a, b, c, d     ESR spectra on samples, increasing the 
rutile amount
e                  ESR spectrum of pure anatase

Amount of paramagnetic Ti3+ (■)and O-(□)



When the oxidation was by H2O2 , rutile is more efficient
When it was by O2 , anatase is more efficient due to higher surface area and superoxide trap
The photogenerated charges are very similar to those of pure rutile samples whatever the amount of 
anatase, showing that e- and h+ are preferentially trapped on theTi3+ and O2-centers of rutile 
phase, even if anatase is the main component. This indicates that an electron transfer occurs from the 
higher energy conduction band states of anatase to those of rutile, as lying at lower energy and, 
simultaneously, a hole transfer occurs from the lower energy valence band states of anatase to those of 
rutile as lying at higher energy. 

Relevant suggestions  based on photocatalytic and ESR parameters



Detection of the OH● radicals produced by TiO2 irradiation

Irradiation has been carried out in the presence of a-(4-pyridyl-1-
oxide)-N-tert-butylnitrone (POBN). The following reaction takes place

and gives rise to the paramagnetic nitroxyradical.
The amount of OH● is in agreement with the efficacy in the phenol 
oxidation.



Spectroscopic details



TEM images of the shape-controlled anatase samples: (a,b) R, (c,d) SP, 
(e,f) NB, and (g,h) RE. Insets in panels b, d, and f are high magnification 
images of the corresponding shapes 

R = rhombic  SP = spherical  NB = nanobar RE = rhombic 
elongated

The differences in morphology have as a consequence 
the difference in the area facets



In rhombic  R and rhombic elongated  RE  particles the Specific Surface Area 
(SSA) of exposed  001  and 101 facets are higher with respect to the other ones

Pore volume and surface area are lower

R

RE

NB



Mineralization curves of phenol (given as TOC%) under UV 
irradiation in the presence of O2 of  (X)  Blank without catalyst,
( ■ ) NB, (●) SP, (□) RE, and  R (▲) TiO2 nanocrystals

The catalytic efficacy is depending on the area of the exposed 001 and 101 facets



Paramagnetic ESR active species  for the different TiO2 particles



The amount of Ti3+ increases increasing the t1/2 of the 
oxidative process

The amount of O- decreases  increasing the t1/2 of the 
oxidative process

These trends clearly suggest a parallel between the 
photo activity of faceted nanocrystals and the 
amount of trapped holes, which ultimately drives 
the surface photooxidation processes. 



The 001 facets promote the formation of O- , thus of 
the oxidation

The 101 facets hinder the formation of O- , thus 
they promote the reduction

For this reason the control of the crystal 
morphology allows to control the catalytic 
process 



Ti4+ centers pentacordinated  easly accept electrons and induce the formation of holes



TiO2 dispersed in polyester acrylate membranes was tested as a photocatalyst in the 
phenol mineralization reaction assisted by molecular oxygen. Kinetics experiments 
revealed that, although embedded, the oxide maintains significant catalytic activity.

The investigation of the photogenerated charge carriers in the photocatalyst 
demonstrated that electrons are trapped on Ti3+ centers, while holes are trapped 
on C-centered species of the polymer matrix. In the presence of O2, the C-centered 
radicals on the polymer transform into peroxy radicals, reinforcing the charge 
separation in the polymer-embedded oxide with respect to the powder. 



A ) ESR spectra under vacuum       B) ESR spectra under 7 mbar of O2





R  rectangular       R  rhombic      NB  nanobar   



It can be concluded that

The morphology of the catalyst nanoparticles allows to 
control their photocatalytic activity

Within the same morphology, the structure of the 
exposed facets can induce different reactivity

The ability of ESR to investigate the symmetry of the 
reacted sites elucidates the catalytic mechanism and 
allows its optimization
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