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Abstract 

A systematic analysis of the reduced states in the titanium dioxide matrix (anatase polymorph) has 

been performed coupling the classic Continuous Wave Electron Paramagnetic Resonance (CW-

EPR) with advanced pulse-EPR techniques and introducing the 
17

O magnetic isotope into the solid. 

Reduced states were originated in various ways including valence induction via aliovalent elements 

(F, Nb) and reducing treatments of the bare oxide including surface reaction with reducing agents 

(H, Na) and thermal annealing under vacuum with consequent oxygen depletion. Two main 

paramagnetic species were identified via EPR both amenable to  Ti
3+

 ions. The former (EPR signal 

A: axial symmetry with g||=1.962 and g= 1.992) is observed in all case and  has been conclusively 

assigned to reduced Ti
3+ 

centres in regular lattice sites of the anatase matrix; the second (signal B: 

broad line centred at  g= 1.93) is present only in reduced materials and is assigned, on the basis of  

the analysis of the hyperfine interaction of the centres with 
17

O labelled ions in its environment, to a 

collection of slightly different  Ti
3+ 

centres located at the surface, or in the subsurface region.  The 

hyperfine interaction of the lattice Ti
3+ 

centres corresponding to signal A with 
17

O was investigated 

by HYSCORE spectroscopy and resulted in a maximum hf coupling of the order of 2 MHz which is 

nearly one order of magnitude less than that recently measured for reduced centres in rutile. This 

surprising result suggests  that excess electrons corresponding to signal A are not localized on a 

single ion but are likely delocalized on several  analogous titanium lattice ions. This result 

(compatible with recent theoretical calculations) has relevance with respect to the living debate 

about localisation and delocalisation of electrons in titania which has been based, up to now, on 

conflicting evidences. 
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1. Introduction 

 

Titanium dioxide is a strategic material produced in huge amounts for classical applications as a 

cheap white pigment. However the importance of this solid, in future perspective, mainly relies on 

its photochemical and photophysical properties
1
. Titanium dioxide in fact is an efficient 

photocatalyst in several reactions for environmental remediation
2
 and, since the fundamental 

discovery of water photosplitting in 1972
3
, it can also be considered as a system of interest for 

applications in the field of energy production. More recently titanium dioxide has found new 

employments as biocide
4
 in odour control

5
 and, under the form of a ultrathin film, as a 

superhydrophilic antifogging agent
6
. Also important is the use of titanium dioxide in dye-sensitized 

solar cells
7
 a class of photovoltaic devices for solar light energy harvesting. 

Titanium dioxide belongs to the class of reducible oxides as it easily looses oxygen with formation 

of oxygen vacancies and, in parallel, of excess electrons which are stabilized into the reduced solid. 

The formation of charge carriers is also typical of the phenomena described above (photocatalysis, 

photovoltaic systems) which always start with a photoinduced charge separation
8-10

 and the 

migration of the carriers (electrons and holes) into the solid. The phenomena of charge transport, 

stabilisation, recombination and reactivity is therefore of vital importance to understand the 

properties of titanium dioxide and to develop strategies to control these properties (for example to 

reduce the undesired charge recombination in photocatalytic phenomena).  

Due to the importance of titanium dioxide and to the many still open problems concerning this 

matrix, it is not surprising that TiO2 has been the object of thousands of investigations in recent 

years.  Particularly broad is the range of investigations available in the surface science of single-

crystalline systems which make of TiO2 the most investigated oxide in this area
11

. Very intense is, 

in parallel, the computational activity aimed to explore the structure of the surface
12

,
13

 and the 

phenomena of charge transport
14

 and stabilisation
15

. The two most important polymorphs of 

titanium dioxide are rutile and anatase. While rutile is the most stable thermodynamic phase, 

anatase is certainly more important under the point of view of the photochemical applications. 

Paradoxically rutile has long been the most investigated phase by the surface scientist and anatase 

has been  more considered in characterisation activities using polycrystalline solids, due to its 

peculiar photochemical properties. 

The present paper is the first of a short series aiming to rationalise the features of excess electron 

centres in titanium dioxide exploiting the potential of the Electron Paramagnetic Resonance (EPR) 

techniques. As already discussed, this topics is of vital importance in nearly all the phenomena 

concerning TiO2 since excess electron centres or reduced species, usually interpreted as  Ti
3+

ions,  
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are formed either by small stoichiometric variations in the composition of this easily reducible 

oxide or by chemical reaction with electron donors (hydrogen, alkaline metals). In the former case 

loss of one lattice oxygen causes the formation, beside the oxygen vacancy, of two excess electrons 

in the solid according to the following notation:  

                                                O
2-

 + 2Ti
4+

  ½ O2 +VO
˙˙
+ 2 Ti

3+
                                 (1) 

where the oxygen vacancy is indicated using the Kröger and Vink notation and is supposed to be  

empty, while the excess electrons are stabilized by the solid under the form of Ti
3+

 (vide infra).  By 

the way also electrons resulting from charge separation in the bare, irradiated solid are stabilized as 

Ti
3+ 16,17

. 

There is a large bulk of evidence about the presence of Ti
3+

 in reduced or in irradiated TiO2 which 

derive from photoelectron spectroscopy
18

, polarized optical spectroscopy
19

, EELS spectroscopy 
20

 

and Electron Paramagnetic Resonance 
16-21

. However, several questions concerning  the true nature 

of the reduced centres remain open, in particular those related to the location of Ti
3+

 ions (lattice or 

interstitial position)
22

, the correlation (if any) of these ions with the oxygen vacancies in reduced 

solids, the surface or bulk nature of the centres. Beside this typical structural problems at least 

another fundamental question remains open which is related to the nature of the electronic states 

associated to the defects whose wave function can be seen as localized on a single titanium ion 

(producing an intra band gap state) or delocalized on several of them as also suggested by recent 

resonant photoelectron diffraction experiments
23

. This intrinsically complex problem is further 

complicated by two factors. The former one is the role of temperature which, beyond a certain limit, 

induces charge transport phenomena based on the polaron hopping mechanism
21a,24

 while the 

second one is the lack of a clear cut picture of the system deriving from theoretical modelling. The 

theoretical descriptions of reduced titanium oxide, in fact, are much affected by the choice of the 

method. Furthermore, as clearly shown in a recent feature article
15c

, a given theoretical method 

often gives rise to fully localized and highly delocalized solutions having extremely close energy 

values, thus seriously limiting the possibility of a clear indication derived from theory .  

To use EPR in the investigation of reduced states of titanium dioxide appears as a natural choice 

due to the high capability of the technique in describing paramagnetic defects in solids
25

 . The 

technique has been actually exploited, on one hand,  in several studies of rutile single crystals
21a,c,

  

26-28
  mainly aimed to understand the symmetry of Ti

3+
 centres or the role of impurities. On the 

other hand the investigations nowadays available of polycrystalline systems are mainly related to 

phenomenological aspects (formation of reduced Ti
3+

 centres in various conditions, reactivity with 

adsorbates etc.) rather than to a systematic analysis of the nature of the centres themselves. This 

limitation is caused essentially by the fact that the concentration of magnetic isotopes in TiO2 (
47

Ti, 
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49
Ti,

17
O)  is too low and prevents the observation of the spectral structures related to the hyperfine 

interactions which are essential to monitor the localization degree of  the wavefunction. The 

information usually derived by EPR on Ti
3+

 is limited thus to that based on the g tensor. This 

parameter is sensitive to the symmetry of the system, but less sensitive to electron delocalization. 

This limitation is probably the reason of the lack of a thorough, EPR based, analysis of the various 

types of Ti
3+

 centres present in titanium dioxide which is indeed the subject of the present work. In 

the first part of the paper we will report and discuss Ti
3+

 EPR spectra obtained in various conditions 

analysing, by the classic continuous wave technique (CW-EPR) samples constituted by the anatase 

polymorph. Excess electrons have been introduced in the solid by various methods including 

valence induction, surface reactivity and oxygen depletion and different types of signal have been 

conclusively classified. Furthermore the enrichment of the matrix with the 
17

O isotope has been 

performed and the interaction between the unpaired electron and the surrounding oxygen ions will 

be described. This interaction is extremely weak and Pulse-EPR techniques are necessary to gain 

information on the isotopically enriched oxide. 

 

2. Experimental  

Samples preparation. Pure TiO2 was prepared by Chemical Vapour Deposition (CVD) by oxidation 

of Titanium isopropoxide in a home made flow reactor based on a similar apparatus developed by 

Prof. O. Diwald
29

. The apparatus contains a first section where the evaporation of the titanium 

precursor occurs followed by transport of the precursor in the reaction section using Argon as 

carrier gas. In this second section the titanium compound reacts with pure O2 at high temperature. 

Gas flows were 800 SCCM and 200 SCCM for Ar and O2 respectively. Evaporation temperature in 

section 1 and reaction temperature in section 2 of the apparatus were 573 K and 1023K 

respectively. 

The sol-gel method was used to prepare X-doped TiO2 systems with X= F
-
, Nb

5+
. The preparation 

was carried out by the reaction of a solution of titanium (IV) isopropoxide in isopropylic alcohol 

(molar ratio 1: 4) with water (molar ratio between alcohol and water 1:10) performed under 

constant stirring at room temperature. The gel so obtained was aged overnight at room temperature 

to ensure the conclusion of the hydrolysis and was subsequently dried at 343 K. The dried material 

was heated at 773 K in air (heating rate 10 K/min.) for 1 h. To prepare fluorine doped materials 

(hereafter F-TiO2) an hydrofluoric acid solution (2M) was employed instead of pure water. Niobium 

pentacloride was adopted to obtain Nb-TiO2.  
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17
Oxygen enrichment. Two different approaches were adopted to obtain 

17
O enriched TiO2 i.e. 

17
O2 

reaction from gas phase with a thermally annealed solid and direct synthesis of the oxide by 

hydrolysis of TiCl4  employing 
17

O enriched water. 

As to the first method, pure TiO2  was heated in dynamic vacuum for 30 minutes (residual P < 10
-3

 

mbar) at 773K and subsequently oxidized at the same temperature in 10 mbar of  
17

O enriched O2 

(Aldrich, enrichment =90%) for 1 h. 

Alternatively the solid was prepared by hydrolysis of TiCl4 (Aldrich 99.999%) with a stoichiometric 

amount of 
17

O isotopically enriched water (40% 
17

O enrichment supplied by Icon Services New 

Jersey) under N2 flow. In a typical synthesis H2O was slowly dripped onto TiCl4 in an apparatus 

connected to a trap filled with NaOH in order to neutralize the hydrochloric acid formed during the 

reaction. After hydrolysis the powder was kept under N2 flow for 2 hours. The solid so obtained 

was aged overnight at room temperature to ensure the conclusion of the hydrolysis and was 

subsequently dried at 343 K. The dried material was heated in a closed tube at 773 K (heating rate 

10 K/min.) in 10 mbar of 
17

O enriched O2 (90%) for 1 h.  

17
O enriched F-TiO2 was prepared by hydrolysis of a mixture made up by 80mol% of TiCl4 and 

20mol% of TiF4  with the same procedure reported above. 

Atomic hydrogen used in some experiment was generated in situ by means of a glow microwave 

discharge operating at 2.45 GHz. 

Experimental techniques. Electron Paramagnetic Resonance (EPR) spectra were run on a X-band 

CW-EPR Bruker EMX spectrometer equipped with a cylindrical cavity operating at 100 KHz field 

modulation. Irradiation experiments were performed irradiating the samples with a 500 W 

mercury/xenon lamp (Oriel instruments) equipped with a IR water filter.  

Pulse EPR experiments were performed on an ELEXYS 580 Bruker spectrometer (microwave 

frequency of 9.76 GHz) equipped with a liquid-helium cryostat from Oxford Inc. The magnetic 

field was measured by means of a Bruker ER035M NMR gaussmeter. 

Electron-spin-echo (ESE) detected EPR. The experiments were carried out with the pulse sequence: 

echo, with mw pulse lengths t = 16 ns and t = 32 ns and a  value of 200 ns. 

Three-pulse ESEEM (electron spin echo envelope modulation). Experiments were carried out using 

the pulse sequence echo with mw pulses of length t = 16 ns, a starting 

time T0=96 ns and a time increment T=16 ns (512 intervals). 

Hyperfine Sublevel Correlation (HYSCORE)
 30

 experiments were carried out with the pulse 

sequence tt-echo with mw pulse length t = 16 ns and t = 16 ns. 

The time intervals t1 and t2 were varied in steps of 16 ns starting from 96 ns to 3288 ns. Spectra 

were recorded at two different  values (112 ns and 160 ns). An eight-step phase cycle was used for 
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eliminating unwanted echoes. The time traces of the HYSCORE spectra were baseline corrected 

with a third-order polynomial, apodized with a Hamming window and zero filled. After two-

dimensional Fourier transformation, the absolute value spectra were calculated. The spectra were 

added for the different  values in order to eliminate blind-spot effects. The HYSCORE spectra 

were simulated using the Easyspin program. 
31

 

 

 3. Results and discussion. 

 

3.1. Ti
3+

 in anatase generated by valence induction. 

The alteration of the ionic charge caused by the presence of an aliovalent element into an ionic 

lattice is a well known phenomenon in solid state chemistry. Ti
3+

 ions in anatase have been 

generated diluting either an anion (F
-
) or a cation (Nb

5+
) in the matrix during the synthesis. All the 

two dopants bear one extra electron with respect to the stoichiometry of titanium dioxide. The  

doped samples show the XRD pattern typical of anatase and no evidence of a different phase is 

present (the diffractograms, not reported here for sake of brevity, are available as supplementary 

materials). Both powders are white and no appreciable optical absorption is observed in the visible 

range. 

Since all the mentioned dopants occupies regular lattice sites, the solid compensates the valence 

alteration producing in both cases an amount of Ti
3+

 corresponding to that of the dopant. The two 

solids can be written respectively as Ti
4+

(1-x) Ti
3+

x O
2-

(2-x) F
-
x  and  Ti

4+
(1-x) Nb

5+
x Ti

3+
x O

2-
2. Niobium 

doping of titania (mainly rutile) has been previously investigated by EPR in powders by Valigi et 

al.
32

 and by Kiwi et al
33

 while fluorine doping of anatase was reported by different Authors
34,35  

 

including some of us
36

. The two doped and fully oxidized samples exhibits a sharp and apparently 

axial EPR signal unambiguously amenable to Ti
3+ 

ions. The spectra obtained by CW-EPR in X 

band (9.5 GHz) are reported in Fig 1 (a and b) and are, apart some small difference in the linewidth, 

practically superimposable. In order to better characterize the doped sample, EPR spectra of F 

doped TiO2 were recorded at W band frequency (95 GHz). Under these circumstances a much 

higher resolution is achieved, allowing to better resolve the g tensor components of the spectrum. 

The spectrum recorded at W band at 10 K is shown in Figure 1c and confirms the axial nature of the 

signal observed at X band frequency (gzz= g||=1.962 and  gxx=gyy=g= 1.992). All samples giving 

rise to the spectra in Fig. 1 have been calcined in air at 673K and the spectral features are stable 

under a ordinary atmosphere. In other words the  Ti
3+

 ions are typical features of the doped system 

whose origin is due to the compensation of the extracharge carried by the dopant and not to a partial 

reduction of the solid. The features of signal A appear unperturbed when the signal is recorded at 
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77K under a layer of physisorbed oxygen. This indicates that no appreciable dipolar interaction 

occurs between Ti
3+

 ions and O2 and that the reduced ions are not located at the surface. 

As it will be better detailed in Section 3.4 signal A has to be assigned to Ti
3+

 ions in regular position 

of the anatase lattice. The concentration of F
-
 (hence Ti

3+
) in the solid can be tuned using different 

HF solution during the preparation. In the case of the present results the loading of F
-
, measured by 

EPR via spin counting of Ti
3+

, is about 13 ppm.  

 

 

335 340 345 350

3375 3400 3425

W-band

b

g

= 1.992

g
//
= 1.962

 

a

X-band

 B / mT    

B / mT

c
g

//
= 1.962
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=1.992

 
Figure 1. X-band CW-EPR spectra of  Nb-TiO2.(a) and F-TiO2 (b);  W-band spectrum of  F-TiO2 (c). Spectra 

recorded at 77K. The dotted line are computer simulations of the spectra. 
 

 

3.2. Reduced states generated by reaction with electron donors. 

Figure 2 reports the spectra obtained by surface reaction of bare TiO2 with an electron donor. In the 

two former cases (Fig.2a and 2b) the electron donor is atomic hydrogen which is generated either 

by microwave discharge in H2 with direct formation of H atoms in the atmosphere (Fig. 2b) or by 

UV irradiation again in H2 atmosphere (Fig.2a). In this case the UV light induces the well known 

charge separation with formation of an electron and a hole. As shown by Diwald and coworkers the 
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hole, once migrated at the surface, reacts with molecular hydrogen  to give an hydroxyl group and 

an H atom which ionizes  injecting an electron in the solid (2O
2-

surf + h
+
 + H2  OH

-
surf + O

2-
surf +H 

 2OH
-
surf + e

-
).

37
  In the case of both Fig.s 2a and 2b the reducing agent is thus atomic hydrogen. 

The spectrum in Fig 2c was obtained by contacting the anatase surface with sodium vapors 

producing Na
+
 ions and electrons while the last spectrum (2d) has been recorded after a mild 

thermal reduction by annealing under vacuo at 570K and  is reported here for comparison  being 

discussed in detail in the next Section.  The  spectra described above are very similar one to the 

other. In particular those in Fig. 2a and 2b are almost coincident. The spectra in Fig. 2, though more 

complex of those in Fig.1, include the features of species A which are again reported, for sake of 

comparison, in Fig.2e.  These observations indicate therefore that one of the consequences of the 

direct injection of electrons in the solid through its surface is the formation of a reduced centre at a 

regular lattice site.  

 

335 340 345 350

e

d

c

b

a

Species A

B / mT

g
//

g


 

Figure 2  CW-EPR spectra in X band of  a) UV-irradiated anatase in hydrogen atmosphere, b) anatase 

contacted with  atomic hydrogen, c) anatase treated with Na vapors, d)  anatase annealed in vacuo at 570K, 

e) Nb-TiO2 (for comparison) 
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The spectra in Fig.2 (a-d) however are made up by more than one single signal as indicated by the 

profile around the perpendicular component of signal A which is perturbed by the overlap with 

some other signal (very minor features between g|| and g of signal A will be discussed later on in 

terms of signal C) and, more important, by the base line trend which seems suggesting the existence 

of a broad signal at high field. This impression is confirmed by the elctron spin echo (ESE) -

detected EPR spectra reported in Fig. 3 and related to thermally reduced (a) UV irradiated under H2 

(b) and F doped (c) anatase samples. The ESE detected EPR spectrum corresponds to the absorption 

of the conventional CW-EPR spectrum and is more effective in detecting broad signals, which 

become hardly observed in the derivative spectrum.  Fig.3 clearly indicates that species A, 

apparently dominant in CW-EPR spectra of Fig. 2, is actually only a minor fraction of the whole 

reduced centers generated by either thermal reduction or UV irradiation under H2. The most 

important species, in quantitative terms corresponds to a broad unstructured signal (signal B) 

centred at approximately g = 1.93 and extending over approximately 35 mT. The large linewidth 

corresponding to species B could in principle be ascribed to either fast relaxation pathways or strain 

effects associated to a substantial heterogeneity of the paramagnetic centres. The decay of the 2-

pulse ESE time traces of both species A and B could be fitted with a bi-exponential decay with a 

dominant contribution of a short Tm value in the order of 250-350 ns and a smaller fraction of a long 

Tm value in the order of 4-11 s. This indicates that the two centers have similar relaxation 

characteristics and leaves as a most likely source of broadening for species B strain effects 

associated to the presence of different sites with slightly different local environment and therefore 

slightly different EPR parameters. It is worth noticing that signal B is totally absent in the spectrum 

of F-TiO2 (1a, 2a, 3c) confirming that this signal is related to the perturbations caused by thermal or 

chemical treatments to the solid.  
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Figure 3 ESE-detected EPR spectra  of a) CVD anatase thermally reduced by annealing in vacuo at 570K; 

b) CVD anatase UV irradiated under hydrogen; c) F doped anatase . All spectra were recorded at 10 K, and 

the same recording conditions were taken. The spectra were then normalized. 

 . 

Taking into account the origin of the spectra in Fig. 2a-d and 3a-b (surface reaction with electron 

donors or reduction by annealing) it seems clear that the origin of signal B has to be ascribed to a 

collection of surface and sub-surface reduced Ti
3+

 centres  whose heterogeneity derives from 

several factors including the local coordination of the ion, the symmetry of the particular crystal 

face hosting the reduced ion, the presence of OH groups (or Na 
+
 ions) formed upon reaction and 

located  in the vicinity of the paramagnetic center. It is worth mentioning that, in a recent paper 

based on the analysis of TiO2-ZrO2 solid solutions
38

 it was possible to show, due to the 

simultaneous presence of two distinct cations in the solid, that the broad EPR signal between g 

=1.977 and g = 1.908 strictly similar to the one here reported (species B for TiO2) after a reducing 

treatment is indeed  due to Ti
3+

 ions present at the surface. 

To substantiate this assignment ad hoc experiments have been carried out introducing 
17

O enriched 

O2 into the solid. A reduced anatase sample (oxygen depleted) was reoxidized using 
17

O2 (99%). In 

this way it is assumed that O2 molecules dissociate, filling the surface vacancies generated during 

the thermal treatment 
39, 40

 The colourless, diamagnetic sample was then reduced by UV irradiation 

under H2, resulting in the typical EPR spectrum shown in Fig 4a, very similar to that reported in 

Fig.s 3 a and b. 

3-Pulse ESEEM spectra where then taken at magnetic field settings corresponding to species A and 

B (indicated by the arrows in Figure 4a) respectively. The 3P-ESEEM measurements of 
17

O 
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modulation of the two different Ti
3+

 species produced by UV irradiation under H2 provide 

convincing evidence for the surface nature of species B. The three-pulse ESEEM patterns recorded 

by selecting the interpulse time 0.25 s at field positions corresponding to species A and B are 

shown in Figure 4b and 4d respectively, while the corresponding Fourier transform is shown in 

Figure 4c and 4e. Despite the echo intensity at positions 1 and 2 is practically the same, the 
17

O 

modulation depth is much stronger in the case of species B, indicating a higher number of 
17

O 

nuclei interacting with the Ti
3+

 centres. This can be explained considering that the 
17

O enrichment is 

limited to the surface and subsurface region of the sample. The shallow modulations associated to 

species A can be explained considering that at this field positions contributions of species B (see 

Fig 4.a) are also present. The Fourier transform spectrum of the 3P ESEEM spectrum associated to 

species B (Fig 4e) consists of a single sharp peak centred at about 2.1 MHz corresponding to the 

17
O Larmor frequency, suggesting that the observed signal is not associated to directly coordinated 

oxygen nuclei or that the unpaired electron wave function encompasses several lattice sites. (vide 

infra). The described experiment thus provides strong evidence that the broad signal generated upon 

reduction in the presence of H2 or upon thermal annealing is indeed due to surface or subsurface 

species.  
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Figure 4. a) ESE detected EPR spectrum of 
17

O enriched anatase UV irradiated under H2; b) 3 pulse ESEEM 

spectrum taken at observer position A; c) corresponding frequency domain spectrum; d) 3 pulse ESEEM 
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spectrum taken at observer position B; e) corresponding frequency domain spectrum. All spectra were taken 

at 10 K. 
 

 

3. 3 Reduced states by annealing under vacuo. 

It is well established that  titanium dioxide is a reducible oxide whose composition depends on the 

pressure of oxygen in the atmosphere. In particular molecular oxygen is released upon annealing the 

solid under vacuo leaving excess electrons in the (reduced) solid (Equation 1).  While it is quite 

common to find in the literature EPR spectra observed after a substantial reduction by annealing 

(which display very broad and unstructured signals) it is infrequent to see reports on the effect of 

tiny reduction of the solid using this approach. 

 

 

 

 

330 340 350 360

g
=

1
.9

5
1

B / mT

g
=

1
.9

7
3

R
e
d
u
c
in

g
  

T
im

e

Species A

 

Fig 5. X-band CW-EPR spectra recorded at 77K of TiO2 (anatase) prepared by CVD and submitted to a 

progressive annealing at 470K till a time of 3 hours (last spectrum).The two arrows indicate the features of 

species C. 
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Figure 5 shows the effect of a progressive reduction by annealing in rather mild conditions (470K) 

on the EPR spectra. The figure clearly shows that, in the early stages of the reduction, species A is 

practically the unique species observed whose intensity growths with increasing the annealing time.   

In the following stages of the treatment the signal of species A becomes perturbed by two other 

signals. The first one exhibits some weak feature in the spectral region covered by species A and 

results quite overlapped and thus incompletely resolved. A partial tentative assignment is illustrated 

by the arrows in Fig 5g suggesting  the presence of g components of the new species (species C) at 

g = 1.951 and g= 1.973 The second species is the same broad and unstructured species (species B) 

already reported in Fig. 4 and assigned to surface titanium reduced species. The intensity of this 

third species is barely visible in the first spectra of the series due to its large linewidth but becomes 

much more appreciable, even in the CW spectrum, in the last spectra of the series. The star 

indicated a signal (g=2.003)  ubiquitously present in reduced TiO2 and usually associated to 

conduction band medium polarized electrons
41

. On the basis of the results reported in Fig. 5 it can 

be inferred that, after the very initial steps of oxygen depletion from the solid which involve 

reduction of lattice titanium ions, the dominant process is the reduction of the surface entailing the 

formation of a disordered partially reduced layer containing Ti
3+

 ions. The result of the reduction by 

annealing is not therefore very different, in qualitative terms from that described in Fig. 4 and 

obtained by interaction with reducing agents. If annealing of the solid is performed at progressively 

increasing temperature (Fig. 6) the result is quite similar to that reported in Fig. 5 except for the fact  

that the three Ti
3+

 species individuated so far are present since the first annealing of 30 minutes at 

570K. At high  annealing temperatures signal B becomes progressively dominant in the EPR 

spectrum. In the last spectrum obtained after reduction at 770K, in fact, species A is probably 

buried in the main signal or, alternatively, the disordered, defect-rich phase corresponding to signal 

B has expanded to encompass the subsurface region where species A was present (Fig. 6d).  It is 

worth noticing that in such a conditions the anatase sample is coloured (pale grey-blue) and that the 

tuning of the resonant cavity prior to EPR spectra recording becomes difficult due to the decrease of 

the Q-factor of the cavity. This is due to the presence of conduction electrons in the materials. 
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Fig 6. X-band CW-EPR spectra recorded at 77K of  a TiO2 (anatase) sample  submitted to annealing at increasing 

temperature. a) 570K, 15 min;  b) 570K, 30 min; c) 670K, 15 min; d) 770, 15min. 

 

 

Species B is therefore observed in the case of both surface reaction with reducing agents and 

thermal annealing causing oxygen depletion.  

 

 

3.4. Nature of the reduced  Ti
3+

 centers. 

The narrow, axial EPR signal labelled A in previous Sections has been observed several times in the 

past mainly in anatase under irradiation 
16, 17, 21f,h

 or in doped anatase
21g, 32, 33

 and has been assigned 

either to Ti
3+

 in regular lattice sites
21g 

or to the same ion in interstitial sites
16, 33

, in all case without a 

firm and convincing evidence to support the assignment. As already anticipated in Section 3.1, we 

think that there is now a substantial bulk of evidence to propose the assignment of the axial signal 

with components  g|| =1.962 and  g=1.992 to a Ti
3+

 ion located in the regular, octahedrally 

coordinated site of the anatase lattice. This assignment is supported by a series of convincing 

evidences which are resumed in the following:  

a) the signal is observed in different types of doped materials all containing excess electrons. 

The reported spectra of these materials are all recorded for fully oxidized samples. Since 

interstitial ions are often associated to crystals seriously disordered by thermal annealing 
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with consequent formation of oxygen vacancies, it is easy to note that all spectra reported in 

Fig. 1 related to differently doped materials and containing uniquely signal A are related to 

fully oxidized, undamaged materials. In all these case the presence of interstitial ions due to 

the structural perturbation consequent to oxygen loss can be excluded. A possible objection 

to this considerations could be based on the presence, also on fully oxidized materials, of a 

fraction of Ti
4+

 ions located in interstitial position and possible traps for excess electrons. 

This must correspond to the presence of Frankel defects (Ti vacancy + interstitial Ti) whose 

energetic cost, however, is extremely high (more than 19eV
42

) and strongly limits the 

formation of such centers. This consideration supports therefore our assignment. 

b) The symmetry of the signal is strictly axial and even at high frequency (Fig. 1c) no 

resolution is observed between gxx and  gyy thus indicating a corresponding symmetry of the 

Ti
3+

 coordination sphere. In the anatase matrix each titanium ion is surrounded by an axially 

elongated octahedron of oxygen ions. This symmetry is compatible with that of signal A. 

The situation is different in the case of the interstitial site. The nature of the interstitial sites 

in anatase is, in fact,  rather different from that found in rutile. In rutile the interstitial site 

has indeed a symmetry comparable to that of the regular lattice site while in anatase an 

hypothetical interstitial titanium ion is in a low-symmetry quasi pyramidal environment 
43

 

incompatible with the axial symmetry of the g tensor.  

c)  Theoretical calculations on large anatase supercells where one oxygen atom has been 

substituted with a fluorine one, point to the spontaneous formation of lattice Ti
3+ 

ions as a 

consequence of fluorine insertion into the lattice
36

 and have been confirmed by the group of 

G. Pacchioni
15c

 in a recent comparative analysis of titania reduced in various ways. 

This conclusive assignment of signal A has important implications in the general description of 

the behaviour of anatase as it indicates that, whatever the perturbation leading to excess 

electrons in the solid, the process starts with an initial reduction of the regular sites of the lattice 

(Fig.s 3, 5 and 6). 

The features of signal B have been already discussed in a previous paragraph. This broad and 

featureless signal escapes to a detailed definition and it can be assumed that it reflect the 

complex situation occurring in the surface and subsurface region after a relatively abundant 

oxygen loss which has generated a disordered substoichiometric phase containing oxygen 

vacancies, reduced Titanium centres in various coordination states, itinerant electrons and so on. 

Since the idea that a reduced titanium ion could commonly occupy an interstitial position is 

quite widespread into the scientific community we have to say that the presence among the 

species contributing to signal B of interstitial Ti
3+

 ions cannot certainly be excluded. The fact 
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remains that the most clear evidence of interstitial Ti
3+

 have been found in rutile
21

 while an 

unambiguous evidence of such a species in anatase is not yet available. The complexity of the 

described anatase reduced phases is hard to explore using polycrystalline solids but needs to be 

investigated with an approach typical of surface science using single crystals exposing a well 

defined face as in part done only in the case of rutile
44

. 

Similar considerations can be made for signal C which, though with better defined parameters, 

appears with signal B during the complex phase of the reduction of the solid. In this case further 

work is needed using advanced EPR techniques to understand the nature of this signal. 

 

3.5 Electron spin density and reduced lattice centres. 

As mentioned in the introduction the state of excess electrons in titanium dioxide in particular in 

terms of space distribution of the corresponding wave function is the object of an intense debate as 

this parameter is crucial for those applications of the oxide implying generation, dynamics and 

reactivity of charge carriers. EPR is certainly a suitable technique to describe the electron spin 

density around a given paramagnetic centre. This description, however, cannot be based on the g 

tensor alone but needs the measure of the electron-nucleus (or hyperfine) interaction occurring 

when nuclei with non zero nuclear spin constitutes the centre and/or its immediate surroundings. 

This is not the case of titanium dioxide in which the natural abundance of active nuclei is too low to 

permit observation of  hyperfine structures.  To overcome this problem our group has proposed, in 

the case of alkali earth oxides which have an analogous situation,
45

 a method based on the 

introduction of 
17

O into the oxide lattice  via chemical procedures.  

Very recently the 
17

O hyperfine interaction around Ti
3+

 ions has been successfully monitored, in 

the case of a molecular compound (the esa-aquo complex [Ti(H2
17

O)6]
3+

)
46

 and, following the 

approach here discussed, in that of the interstitial Ti
3+

 site in reduced “blue” rutile
47

. In both cases 

the small hyperfine interaction between the Ti unpaired electron and the oxygen nuclei was revealed 

using the HYSCORE (Hyperfine Sublevel Correlation) spectroscopy
48

. The observed 
17

O couplings 

in these two cases are of the same order (maximum coupling of about 10MHz with a relatively large 

Fermi contact term of about 8 MHz) and can reasonably be assumed as reference values for slightly 

distorted Ti
3+

O6 systems having a localized electron in the titanium d orbitals . The same procedure 

followed  in the case of the Ti
3+

 centres in the Blue rutile 
47 

is here adopted to study the hyperfine 

features of signal A in a  F doped anatase sample. 
17

O oxygen enrichment of the anatase matrix was 

obtained employing, during the hydrolysis, 
17

O enriched water, leading to a nominal isotopic 

content of 40%  (see Section 2). The CW-EPR spectrum of the resulting F doped, 
17

O enriched 

sample, is equal to the one previously described in section 3.1 for the non enriched material. This 

indicates that hyperfine interactions in the systems are undetectable via the ordinary CW technique. 
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For this reason, in order to probe the spatial extent of the unpaired electron wave function, 

HYSCORE spectra, have been recorded at different field positions corresponding to the principal g 

factors of the EPR spectrum. A typical spectrum is reported in Figure 7 and shows the presence of a 

small ridge appearing in the (+,+) quadrant with maximum extension of about 2 MHz and centered 

at the 
17

O nuclear Larmor frequency. This signal clearly indicates the presence of weakly coupled 

17
O with maximum coupling not exceeding 2 MHz. This result is distinctly different from what 

observed on a reduced rutile sample with the same nominal concentration of 
17

O. In that case, in 

fact a distinct 
17

O hyperfine interaction with maximum coupling of about 10 MHz was observed, 

which is absent in this case. The 
17

O coupling observed for the blue rutile sample is analogous to 

that observed in the Ti
3+

 esaquo molecular complex and indicates a degree of localization of the 

unpaired electron wave function similar in the two cases. The result reported in the case of the F 

doped anatase sample indicates a very different situation, whereby no resemblance to the molecular 

analog can be found. The absence of a distinct 
17

O coupling suggests thus that in the case of the F 

doped anatase, the unpaired electron wave functions samples a larger number of oxide anions 

indicating a more delocalized nature of the defect.   

 

 

 

 

 

 

 

 

Figure 7
. 17

O HYSCORE spectrum of F doped anatase recorded at an observer position corresponding to the 

g component of the EPR spectrum (position A in figure 3c).The spectrum was recorded at 4 K. 
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It has to be recalled again that the systematic theoretical analysis of TiO2 containing excess 

electrons performed by Pacchioni’s group
15c

 led, in the case of F-doped and Nb-doped anatase, to 

the result of two opposite solutions (excess electron fully localized in a dxy orbital and  delocalized 

electron) having practically the same total energy. 

The  data here reported have the limit of not providing an exact measure of the (too small) 
17

O 

hyperfine interaction associated to lattice Ti
3+

 ions in anatase (signal A). They are however 

sufficient to exclude, for the interpretation of the centre corresponding to signal A, two limiting 

situations namely that of a wavefunction fully localized on a single titanium d orbital (similarly to 

what found for the interstitial species in “blue” rutile) and that corresponding to a free electron in 

the conduction band which should have completely different lineshape and relaxation parameters. 

The most probable situation is that corresponding to an electron delocalization over a discrete 

number of lattice sites with a wavefunction maintaining the typical axial symmetry clearly indicated 

by the g tensor. This picture corresponds to that of the so called large polaron which have been 

described in the lattice of several semiconducting systems
49

 

 

4. Conclusions 

The joint use of classic CW-EPR with pulsed EPR  has led us to new insights into the properties of 

excess electrons in titanium dioxide (anatase polymorph). The main findings of the present work 

can be resumed as follows. 

a. Three main EPR signals are observed when excess electrons are present in the solid. Signal 

B (centered at g=1.93) is broad and unfeatured and is the fingerprint of an extended  

reductive process which, as shown by ESEEM, involves the external layers of the 

microcrystals. The heterogeneity typical of this situation (various crystal faces, Ti
3+

 in 

different coordination, presence of oxygen vacancies) is reflected by the substantial g strain 

which is responsible of the large signal linewidth. Signal B is very similar in both 

chemically reduced (Fig.2) and thermally reduced materials (Fig.3) suggesting that also in 

this latter case some oxygen ion is removed by the action of the reducing agent. Signal C is 

a minor one and appears after prolonged reduction. The partial overlap with signal B 

hampers a deeper analysis of its features. 

b. Signal A (axial and narrow, g||=1.962, g= 1.992) is conclusively assigned to Ti
3+ 

ions in 

regular position of the anatase lattice. They form when electrons are introduced in the 

system by valence induction (Fluorine or Niobium doping) or in the early stages of reductive 

process obtained either by reaction with reducing agents or by thermal depletion of oxygen. 

The study of the hyperfine interaction between the Ti
3+

 unpaired electron and the 
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surrounding oxygen ions for this center has been performed for the first time introducing 
17

O 

into the solid. This has allowed to and to evaluate the extent of the hyperfine interaction in 

the case of signal A which does not correspond to an individual species with a full 

localization of the excess electron into a d orbital of the ion but, much likely, to a species 

based on the delocalization of the electrons in the d orbitals of a number of structurally 

analogous lattice ions similar to that of a large polaron. An evaluation of the number of  

lattice Ti
3+

 ions actually involved in the electron wavefunction is not possible on the basis of 

the present data and should become possible only when data on titanium  hyperfine 

constants will also become available. This result (compatible with recent theoretical 

calculations
15

) together with that concerning the reduced rutile phase
47

 contributes to the 

debate about localisation and delocalisation of electrons in titania which is strategic for a 

variety of phenomena concerning the behaviour of charge carriers in this oxide. 
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