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Abstract. 
 
Nitrogen Boron co-doped TiO2 prepared via sol-gel synthesis and active under visible light, 

contains two paramagnetic extrinsic defects both exhibiting a well resolved EPR spectrum. The first 

center is the well characterized [NiO]• species (i = interstitial) also present in N-doped TiO2, while 

the second one involves both N and B. This latter center (labeled [NOB]•) exhibits well resolved 

EPR spectra obtained using either 14N or 15N which show a high spin density in a N 2p orbital. The 

structure of the [NOB]• species is different from that previously proposed in the literature and is 

actually based on the presence of interstitial N and B atoms both bound to the same lattice oxygen 

ion. The interstitial B is also linked to two other lattice oxygen ions reproducing the trigonal planar 

structure typical of boron compounds. The energy level of the [NOB]• center lies near the edge of 

the valence band of TiO2 and, as such, does not contribute to the visible light absorption. However, 

[NOB]• can easily trap one electron generating the [NOB]− diamagnetic center which introduces a 

gap state at about 0.4 eV above the top of the valence band. This latter species can contribute to the 

visible light activity. 

                                                 
* Corresponding author: cristiana.divalentin@mater.unimib.it 



 
1. Introduction 

Doping of titanium dioxide by p-block elements has characterized the research activity in 

photocatalysis and related areas in the new century. Aim of this activity is to reduce the absorption 

threshold of the oxide, whose band gap is around 3.2 eV, and make it photosensitive to visible light 

[1-4].  The most investigated system in this field  is  nitrogen doped titanium dioxide, N/TiO2, 

which exhibits optical properties different from those of the bare oxide owing to the onset of 

absorption in the visible region of the spectrum due to the presence of mid-gap states [5,6,7]. This is 

accompanied by the evidence of photocatalytic activity in various reactions for pollutants abatement 

performed under visible light irradiation [8-20]. Homogeneously doping of bulk titanium dioxide 

forms extrinsic defects in the structure which are responsible for the mid-gap states. The 

characterization of these defects is important to understand the photochemical properties of the 

system. 

Another element which is finding application as dopant of titanium dioxide is boron, even 

though the experimental results concerning B-doped TiO2 [21,22,23] are often controversial due to a 

variety of synthetic methods explored leading to a set of different materials and to the possible 

formation of micro aggregates (B2O3) in the solid.[22]  In parallel, investigations on systems based 

on co-doping with a second non metallic element have been performed. In particular, interesting 

results were obtained by using fluorine and nitrogen as co-dopants of the oxide (N-F/TiO2) showing 

a synergistic effect between the two elements, one promoting the insertion of the other into the solid 

[24,25,26].  

Nitrogen-boron codoped TiO2 has been investigated in various studies [22,27-31] leading to 

some conflicting evidences (XPS of boron centers, photocatalytic activity in visible light) most 

likely due to the different chemical routes (wet chemistry from TiCl4 and BH3 [22], surface 

nitridation [28] and sol-gel [29]) followed to prepare the materials. The paper by Gopal et al. [29] 

has been the first (and, to the best of our knowledge, remains the only one) to report Electron 

Paramagnetic Resonance (EPR) spectra of  N-B/TiO2 showing the existence of two distinct 

paramagnetic species in the material, the first exclusively containing N atoms, the second 

containing both N and B. While the former species is the same already reported for N-TiO2 [5,6,32], 

the second one was never reported before. In ref. 29 both species are reported to be sensitive to 

irradiation with blue light showing that they are involved in the sensitization of the semiconducting 

oxide to visible frequencies. The nature of the novel N-B paramagnetic center was preliminarily 

discussed on the basis of some speculative argument leading to the conclusion that N and B occupy 

two neighboring oxygen lattice positions, the boron being in -1 oxidation state and nitrogen either 



in -2 or -3 oxidation states for the paramagnetic and the diamagnetic centers respectively. The [N3-

B-] diamagnetic center is neutral (substituting two O-2 ions) and for this reason  should be more 

stable than the [N2-B-] paramagnetic one. [N3-B-] in fact is reported to irreversibly form at the 

expenses of the [N2-B-1] under visible light irradiation. This interesting picture however is tentative 

and needs to be verified with more compelling evidence. 

In this paper we present results on a N-B/TiO2 system prepared in our laboratory via sol-gel 

synthesis and containing the same paramagnetic centers reported in ref. 29. Beside the classic 

characterization by X-ray diffraction, UV-Visible spectroscopy and XPS, a careful analysis of the 

EPR spectra based on isotopic substitution, the computer simulation of the spectra and variable 

temperature measurements allow us to gain further insight into the new, N-B based, defect center. 

EPR is a reference technique to characterize defects in the solid state in particular when these 

generate electronic states in the band gap. In this case, it is very likely to find paramagnetic species 

alone or in equilibrium with diamagnetic counterparts. The characterization via EPR of a defect 

paves the avenue, more than in the case of other widely employed experimental techniques, for a 

deep understanding of its nature and electronic structure.  

Further insight into the interpretation of the experimental data is achieved by direct 

comparison of the EPR parameters with those computed with state of the art density functional 

calculations based on hybrid functionals (B3LYP) on some selected model systems. The present 

approach provides an accurate description of both the semiconductor band gap and the correct 

degree of defect localization, resulting in reliable hyperfine couplings constants that can be used for 

the assignment of measured EPR spectra to specific structural models of the defects.  As it will be 

shown below, the assignment is indeed different from the tentative suggestions previously reported 

in the literature.[29] 

 

2 Experimental and computational methods 

2.1 Samples preparation  

All reactants employed in this work were purchased by Aldrich and used without any further 

purification treatment. For TiO2 preparation Titanium (IV) isopropoxide (TTIP) was added to a cold 

solution of CH3OH in H2O ( VTTIP / VROH =1; VTTIP / VH2O =1 ) upon constant stirring at 288K for 3 

hours. The solution was the left ageing for 20 hours at room temperature to complete the hydrolysis 

reaction. The formed gel was dried at 313K and calcined in air at 773K for 1 hour with the heating 

rate of 10K/min. 

The same procedure was adopted to prepare N-B/TiO2, with the only difference consisting in  

the addition of a nitrogen and boron source (NH3 and H3BO3) in the starting solution. The synthesis 



was performed for three different molar percentage of boron (1%, 6% and 15%), while the molar 

concentration of nitrogen remained constant (6%). The following abbreviation will be adopted to 

label the samples: TiO2 for the bare titanium dioxide, NB6-1, NB6-6 and NB6-15 for the codoped 

samples. A last sample with the same concentration of dopants but a different nitrogen isotope (15N, 

I=1/2) has been prepared using the same procedure described above with 100% 15NH3. The sample 

will be labelled with the 15NB6-6 abbreviation. The real concentration of dopant elements in the 

final samples, however, are lower than the theoretical ones due to the material loss during the 

synthesis. [33]  

 

2.2 Characterization details   

X-Ray Diffraction (XRD) was performed by a Philips 1830 diffractometer using a Kα(Co) source 

and a X’Peret High-Score software for data handling. Surface area was measured by a fully 

automated surface area analyzer (ASAP 2020 Accelerated Surface Area and Porosimetry, 

Micromeritics – USA) and Diffuse Reflectance UV-Visible spectra (DR UV-Vis) were recorded by 

a Varian Cary 5 spectrometer using a Cary win-UV/scan software.  

X-band CW-EPR spectra were recorded between 350 K and 77 K on a Bruker (EMX) spectrometer 

equipped with a cylindrical cavity operating a 100 kHz field modulation and with a Bruker 

temperature controller unit. A variable temperature unit operating between 100 K and 350 K was 

employed to record spectra at different temperature intervals. The EPR computer simulations were 

obtained using EPR SIM32S program developed by Prof. Sojka, (Jagellonian University, Cracow 

Poland)[34] while integration of the spectra was produced with the program Win-EPR. 

 

2.2 Computational details 

The calculations were performed with the hybrid B3LYP[35,36] functional and including spin 

polarization. The percentage of exact Hartree-Fock (HF) exchange in the B3LYP functional is 20%. 

The Kohn-Sham orbitals are expanded in Gaussian Type Orbitals (GTO), as implemented in the 

CRYSTAL06 code[37] (the all-electron basis-sets are: Ti 86411(d41) [38], O 8411(d1) [39], N 

7311(d1) [40] and B 621(d1) [41]). We considered a nearly cubic 2√2x2√2x1 supercell containing 

32 Ti and 64 O atoms to model bulk anatase. The optimized bulk lattice parameters were taken from 

previous B3LYP (a = 3.776 Å, and c = 9.866 Å)[42] calculations.  

Three possible combinations of co-doping with the two non-metal elements have been 

considered leading to three different models of the [NOB]• center (s=substitutional, i=interstitial, 

see also Fig. 6 below):  



1) [Ns-Bi-3c]• co-doping was modeled by replacing one oxygen atom in the 96-atoms supercell 

with N (substitutional, [Ns]•) and by introducing an interstitial B in a 3-fold coordinated 

position (Bi-3c) with the B atom bound to two lattice oxygens and the Ns atom. The resulting 

stoichiometry is TiO2-xNxBx with x = 0.031.  

2) [Ns-Bi-4c]• co-doping was modeled by replacing one oxygen atom in the 96-atoms supercell 

with N and by introducing an interstitial B in a 4-fold coordinated position (B is bound to 

three lattice oxygens and the [Ns]• atom). The resulting stoichiometry in this case is TiO2-

xNxBx with x = 0.031.  

3) [Ni-Bi-3c]• co-doping was modeled by adding a nitrogen atom in the 96-atoms supercell 

forming the well characterized [NiO]• species [5] and by introducing an interstitial B in a 3-

fold coordinated position (B is bound to two lattice oxygens and to the same O atom of the 

[NiO]• group). The resulting stoichiometry in this case is TiO2NxBx with x = 0.031. 

It must be noted that in all three models the B species is interstitial. This choice is derived from our 

previous study where it was found that the most stable configuration for B-doped TiO2 has B in 

interstitial, not substitutional position.[43] In the interstitial configuration the B atom is fully 

oxidized by the lattice and donates its three valence electrons to the Ti conduction band or to other 

oxidizing impurities present in the system (formation of B3+).[43] The donation of three electrons 

from each B atom to three Ti atoms results in the formation of Ti3+ ions whose electronic 3d states 

are close to the conduction band.[43] The calculation of a supercell where beside the paramagnetic 

center associated to the presence of the N species, also Ti3+ paramagnetic states are present would 

result in a high spin multiplicity or in the quenching of the paramagnetic N-species, with formation 

of N- and Ti4+, as previously shown both experimentally and theoretically.[5,6] Therefore, in order 

to avoid the complexity introduced by the simultaneous presence of three Ti3+(3d1) states, to model 

the paramagnetic N-B co-doped system we have chosen to remove the extra electrons donated to 

the system by the interstitial B atom. Thus, all the calculation have been performed with a charged 

(+3) supercell model, where the extra charge is compensated by a uniform background of charge. 

Only in the case of the [Ni-Bi-3c]• model, a (+2) charged supercell calculation was also performed to 

verify the effect of an additional electron (coming from the B atom) to the defect. The electronic 

structure and details of wavefunctions for charged supercell models were found to be consistent 

with non-charged models in other similar situations.[44] Based on careful checking, we are 

confident that the electronic properties provided by these charged supercells are well representative 

of the real electronic structure of the defect.  

Full geometry optimization was performed until the largest component of the ionic forces 

was less than 5x10-4 a.u.. The reciprocal space is sampled according to a regular sublattice with a 



shrinking factor IS equal to two corresponding to 8 k-points in the sampling of the irreducible 

Brillouin zone.  

 For the paramagnetic defects, the hyperfine interactions of the electron spin with the nuclear 

spin of the 11B and 14N nuclides have been determined. The hyperfine spin-hamiltonian, Hhfc = S ⋅ A 

⋅ I, is given in terms of the hyperfine matrix A which describes the coupling of the electron with the 

nuclear spin.[45] Beside the isotropic component, also the anisotropic traceless tensor B resulting 

from the dipolar interaction has been calculated. 

 

3. Results and Discussion 

3.1 Experimental characterization 
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Fig. 1. XRD pattern of the three N-B/TiO2 samples compared with that of bare TiO2 prepared with the same method. a) 

TiO2. b) NB6-1. c) NB6-6. d) NB6-15. (The symbol • indicates the typical peaks of anatase). 

 

After calcination in air, N-B/TiO2 solids prepared via low temperature sol-gel synthesis are yellow 

and all show the XRD typical anatase pattern (Fig.1). The doped solids have a specific surface area 

higher than that of bare TiO2 prepared in the same way (84 m2g-1). Surface area varies from 106 

m2g-1 (NB6-1) to 116 m2g-1 (NB6-6) and 136 m2g-1 (NB6-15) indicating a specific role of the 

dopant (and of boron in particular) in causing the increase of this quantity. The optical absorption of 

the samples monitored, via DR-UV-Vis spectroscopy, indicates that the typical edge corresponding 

to the band-gap transition of anatase is overlapped, in the case of doped samples,  by a band in the 

visible range with a maximum in the range of 400-450 nm, responsible of coloring.  
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Fig. 2. DR-UV-vis. Spectra  of the three N-B/TiO2 samples compared with that of bare TiO2. a) TiO2. b) NB6-1. c) 

NB6-6. d) NB6-15.  

 

Remarkable information for the material characterization comes from EPR spectroscopy. 

Gopal et al. [29] recently reported a complex  EPR spectrum typical of N-B/TiO2 composed of two 

distinct signals. The former is due to a nitrogen bulk species in TiO2, already observed by our group 

in N doped TiO2. The species was initially labeled as Nb
• [5,6] and, more recently, was identified as 

an interstitial N  atom bound to a lattice O2- ion, [NiO]•.[46] This species is characterized by an EPR 

signal showing the hyperfine pattern related to the interaction of the unpaired electron with one N 

nucleus. The second signal reported in ref. 29, shows hyperfine lines due to  both N and B nuclei 

and for this reason has a quite complex trace. The species was assigned, on the basis of 

considerations on the electric neutrality of the solid, to a pair of nearby oxygen vacancies 

respectively filled by N2- and a B- ions. The presence of a more stable diamagnetic and electrically 

neutral counterpart of this species [N3-B-] (not monitored by EPR) is also proposed in ref. 29. In the 

case of the paramagnetic species the unpaired electron is thought to reside on the N center in 

superhyperfine interaction with the B one. No direct chemical connection would exist between N 

and B ions. Though plausible, this assignment is not conclusively proven on the basis of the 

available evidence.  

Hereafter we present and discuss the EPR data only for the NB6-6 sample which is 

representative also of the NB6-1 and NB6-15 samples. Figure 3 reports the experimental EPR 

spectrum (a), recorded for the calcined NB6-6 sample containing 14N isotope. The simulation of the 

spectrum is also reported (b) together with the traces of the two individual signals (b' and b") used 

in simulation.  
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Fig. 3 Experimental (a) and computer simulated (b) spectrum recorded for a NB6-6 sample. The lines b' and b" are the 
trace of the two species introduced in the computation which determine the simulated trace in b.  
 
 

The spectrum essentially is same reported in ref. [29] and is determined  by the superposition of two 

distinct signals corresponding to [NiO]• (b") and to the N-B mixed species ([NOB]•) in b'. Both 

signals are dominated by a large component of the N hyperfine tensor centered on the g value 

labeled g3 which is larger in the case of the mixed  [NOB]• species. The spectral trace of [NOB]• is 

highly complex because it contains 4 lines due to the weak boron coupling (see Fig. 3 b') for each N 

component. Since the g tensor has rhombic symmetry (g1≠ g2 ≠g3) the number of lines in this signal  

is 36 (3 ×3×  4). For this reason, a comparison of the spectrum in Fig. 3 with a similar one obtained 

using 15N instead of 14N is extremely useful.  The two nitrogen isotopes have in fact different 

nuclear spin (1 and ½ respectively) and the comparison of the two N hyperfine structures  is 

expected to increase the accuracy in the determination of the spin-Hamiltonian parameters (each 

triplet due to 14N is transformed into a doublet with a separation 1.41 times larger and the total 

number of lines reduces to 24). 
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Fig. 4. Experimental (a, a') and computer simulated (b,b') spectra recorded for NB6-6 (a) and 15NB6-6 (a') samples. 

 

The two spectra have been simulated using the same g tensor and the Boron hyperfine constants. 

The 15N hyperfine constants have been scaled from the 14N ones by the ratio between the nuclear 

magnetic moments of the two isotopes (1.41). In other words, the same set of spin Hamiltonian 

parameters is employed in the two cases. The excellent agreement between the experimental and 

computed trace in the two cases strengthens the assignment of the parameters which are reported in 

Table 1.   

The feature of the [NiO]• species have been already discussed.[5,6] Here we concentrate on 

the features of the new [NOB]• center which is by far the most abundant in N-B/TiO2. In a series of  

distinct preparations of NB6-6 the ratio [NOB]• / [NiO]• ranges between 8 and 10. The N hyperfine 

constants of [NOB]• are rather high (Table 1) and can be decomposed as follows: 
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where aiso is the Fermi contact term and the two b matrixes correspond to the electron-nucleus 

dipolar interaction. The signs for the hyperfine elements, which cannot be deduced from powder 



spectra, must be concordant to obtain a physically meaningful result. The values of 23.2 G, 13.7 G, 

0.2 G  where found for aiso, b and b’ respectively. Using the reported atomic value of the dipolar 14N 

constant (B0 = 4/5gNβn <r-3>2p = 39.62 G) the spin density on the nitrogen 2p orbitals can be 

calculated by direct comparison of the experimental b (b’) values according to the formula ρ2p = 

2b/B0. This gives a spin density value of 0.70 mainly due to one single 2p (b) orbital (0.69) with a 

minor contribution (0.01) of a second one (b’). The isotropic Fermi contact term has to be compared 

with the atomic isotropic hyperfine constant,  Ao (N) = 646.2 G. In this case one has  ρ2s = aiso/A0 = 

0.035. The total spin density on the N atom of the species [NOB]• is thus mainly due to a N 2p 

orbital. A similar analysis performed for the boron hyperfine values leads to a spin density of 0.07 

in a 2p orbital and a negligible contribution from the 2s. The species containing the hyperfine traces 

of both N and B has therefore a higher spin density onto the N atom with respect to that observed 

when N is bound to oxygen like in [NiO]• species (Table 1). 

 

Table 1. Experimental g-tensors, hyperfine coupling constants (Gauss) for  N and B nuclei and 
estimated atomic spin density for spectra reported in Fig. 3 and Fig. 4.  
 

 g A(14N) A(15N) A(11B) ρ2p 

(N) 

ρ2p 

(B)  g1 g2 g3 A1 A2 A3 A1 A2 A3 A1 A2 A3 

[NiO]• 2.006 2.005 2.004 2.2 3.1 32.3 3.0 4.4 32.3 - - - 0.54 - 

[NOB]• 2.004 2.003 2.001 9.3 9.9 50.4 13.1 13.8 70.7 4.8 0.6 4.6 0.70 0.07

 

 

The EPR intensity of the two species ([NOB]•  and [NiO]•) growths linearly with the square root of 

the microwave power, between 0 and 1mW. At higher microwave power both species tend to 

saturate (data not reported). A comparison of the relative intensities of the two species is therefore 

meaningful only at microwave power ≤ 1 mW.   
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Fig 5. EPR spectra [A] of the NB6-6 sample recorded at 0.1mW microwave power and variable temperature in the 

range 200K- 350K. Each experimental spectrum is reported with the corresponding simulation.[B] Abundance of the 

[NOB]• (●) and [NiO]• (■) species as a function of recording temperature.  

 

Figure 5 reports the spectra recorded at 0.1mW in the range between 200K and 350K. It is easy to 

see that, rising the temperature, the intensity of [NOB]• increases, while that of [NiO]• 

simultaneously decreases by the same amount. By reproducing the spectral shape with a computer 

simulation, one can obtain, beside the spin Hamiltonian parameters, also the abundance of the two 

distinct species used to fit the experimental shape. The abundance of each species is reported in Fig. 



5b from which it is easy to see that the decrease of the intensity of one signal corresponds to the 

increase of the other one. The phenomenon is reversible. The experiment could not be performed in 

a larger temperature range because of the interference, at low temperature, of the signal of 

molecular NO, always present in the cavities of sol-gel prepared N-TiO2.[33] This result seems to 

indicate a thermally induced exchange of electrons from one center to the other. The simultaneous 

presence of a diamagnetic counterpart (see next section), for each paramagnetic center [6] and the 

proximity of the N-related levels to the valence band suggest, however, some caution in assigning 

the observed changes (Fig. 5) to a specific electron transfer. Still, a modest temperature variation 

affects the population of the two paramagnetic centers indicating that various diamagnetic and 

paramagnetic states are present in a relatively small energy range of the band gap. 

Summarizing, N-B/TiO2 contains two type of paramagnetic species composed by one single 

N atom. The first species  is the well known [NiO]• also present in N-TiO2  while the second 

([NOB]•) also contains boron and is more abundant than the former one. Like [NiO]•, the new 

species is characterized by a predominant role of a N 2p orbital in the total spin distribution (Table 

1). In this sense the two N containing species are similar. However,  [NOB]• exhibits, with respect 

to [NiO]•, a higher electron spin density on the N 2p orbital. 

 

3.2 Theoretical calculations 

The experimental EPR data clearly points to a species where the unpaired electron is essentially 

localized on a nitrogen atom “weakly interacting” with a neighbouring boron atom, as proven by the 

registered superhyperfine coupling constants. The modelling is based on this experimental 

indication and on some previously consolidated results on the N-doped and B-doped systems. For 

the B-doped system we clearly found that the interstitial species are definitely more stable than the 

substitutional (to O) one.[43] Moreover, when interstitial, the B atom is in a positive oxidation state, 

B3+, and acts as an electron donor. Starting from this basic knowledge, we have constructed 

different models of the [NOB]• defect center (see also section 2.2 of Computational Details). First 

we tried to insert a N atom in a nearby position with respect to an interstitial B atom. Two 

interstitial B species have been considered: a three-coordinated (Bi-3c o BO3) and a four-coordinated 

one (Bi-4c o BO4). The nitrogen was inserted substitutional to one of the lattice oxygens coordinated 

to the B atom (models [Ns-Bi-3c]• and [Ns-Bi-4c]• in Figure 6) and then it was inserted in an 

interstitial position, bound to one of the lattice oxygens coordinated to the B atom ([Ni-Bi-3c]• in 

Figure 6). Notice that what is reported in Figure 6 are the final configurations, resulting from the 

full geometry optimization. The [Ni-Bi-3c]• defect has a different initial structure, where the B and 

the N atoms are interstitials, and the connecting oxygen occupies its regular lattice position. During 



the geometry optimization this O-N unit moves towards the B3+ ion so that in the final structure the 

N atom has effectively taken the position of the original lattice oxygen.  

The last model is more consistent with the fact that in previous N-doped TiO2 synthesis,[5] 

essentially very similar to the one performed in this work, nitrogen is commonly found to enter the 

TiO2 lattice in the interstitial mode (bound to a lattice O), as clearly shown by a variety of methods 

and by the comparison of experimental with theoretical results.[5,46] We have actually analyzed 

other possible situations but these three are found to be the only ones fulfilling the requirement of 

an unpaired spin on the N atom with a nearby B nucleus which could eventually give rise to some 

superhyperfine interaction, as observed experimentally. 
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Fig. 6. Schematic representation of the three N-B co-doped anatase TiO2 models reported in this work (upper panel). 

Spin density plot of the corresponding supercell model (lower panel; Ti in blue, O in grey, B in green and N in red). The 

unpaired spin (yellow) is essentially localized on the N atom in all the three cases. 

 

After geometry optimization of these three model systems, the details of the electronic structure 

have been analyzed and the hyperfine coupling constants have been computed. The most relevant 

information related to the electronic structure is that the defect levels originated by the impurities in 

all the three models proposed do not fall into the band gap of TiO2. They fall below the bottom of 

the VB (BO states in all the three models), inside the VB (substitutional N states in [Ns-Bi-3c]• and 



[Ns-Bi-4c]•) or just above (0.13 eV) the top of VB (π* NO state of Ni species in [Ni-Bi-3c]•). This 

result is different from what commonly observed for substitutional and interstitial N species 

(paramagnetic defect states are 0.13 and 0.64 eV above the VB maximum, respectively) [5,46] and 

can be easily explained by the effect of having an oxidized B as a next neighbor to the N species. 

The electron deficient B causes an electrostatic stabilization in energy of the N levels which, 

consequently, are shifted downward with respect to their original position in the band gap of TiO2. 

Of course, this effect is not advantageous for the vis-light activation of TiO2 but could have 

secondary effects on the stability of N-species in TiO2.  

The computation of the hyperfine coupling constants provides the information for a possible 

assignment of the observed N-B species in bulk anatase TiO2. First of all, all the three models 

considered (Fig. 6) not only present large hyperfine coupling constants on the N atom, indicating 

that the unpaired electron essentially resides on this nucleus, but they also present superhyperfine 

coupling constant with the neighbouring B nucleus. Both these features are in agreement with the 

experimental findings reported above. The best quantitative agreement with experimental data, 

however, is achieved when considering the [Ni-Bi-3c]• model, Fig. 6c. The computed dipolar tensor 

B for the N nucleus is almost identical to the registered spectrum (Table 2) reproducing the 

exceptionally high b value measured for [NOB]• species, which is larger than those observed in 

various N containing species based on similar π* systems.[47] The isotropic coupling constant is 

slightly underestimated because of some deficiency of the basis set functions describing the core 

states of the N atom. The hyperfine tensor for the B species is also rather close to the experimental 

one. The high spin density on the N atom (0.84 vs 0.70 in the NiO model according to B3LYP 

calculations), also found experimentally (Table I) , is due to the fact that the unpaired electron 

resides in a π* MO on the NO unit which is further polarized towards the N atom by the interaction 

of the O with the interstitial B atom. 

 

Table 2 – Computed hyperfine coupling constants (in G) for N and B species in NB co-doped TiO2. 

 14N 11B 

 aiso B1 B2 B3 aiso B1 B2 B3 

(1) [Ns-Bi-3c]• 15.3 −11.6 −11.0 22.6 −3.0 −0.6 −0.3 0.9 

(2) [Ns-Bi-4c]• 14.6 −10.9 −10.5 21.4 −2.2 −0.2 −0.5 0.7 

(3) [Ni-Bi-3c]• 15.5 −14.3 −12.9 27.2 −2.1 −0.9 −0.7 1.6 

Exp. 23.2 −13.9 −13.3 27.2 −3.3 −1.5 −1.3 0.7 

 



 The excellent agreement of the computed EPR parameters with the experimental findings for 

the species [Ni-Bi-3c]• together with the consideration that interstitial N in TiO2 is more in line with 

previous experimental findings for N-doped TiO2 ,[5,46] make us confident about the assignment of 

the observed [NOB]• species to the [Ni-Bi-3c]• model.   

 The [Ni-Bi-3c]• species is an excellent electron acceptor with its singly occupied state just at 

the top of the VB; on the other hand, interstitial B is a strong electron donor.[43]  The trapping of an 

extra electron by [NOB]• leads to the formation of a diamagnetic [NOB]− center and causes an 

upward shift of the highest defect state which now lies 0.44 eV above the VB maximum, Fig. 7.  

 

 
Fig. 7 Schematic representation of interplay between the [NOB]• and [NiO]• centers in  N-B co-doped TiO2. 

 

Thus, the charged [NOB]− defect center can play a role in the visible light activity of N-B codoped 

TiO2 while the neutral [NOB]• form does not contribute to the red-shift of the absorption edge. The 

trapping ability of the [NOB]• center can explain the observed change in abundance of 

paramagnetic [NOB]• and [NiO]• centers with temperature, Fig. 5. [NiO]• centers are certainly 

higher in energy with respect to the two [NOB] centres [5].  In particular, it is possible that a 

thermally stimulated electron exchange occurs between [NOB]− and [NiO]• centers, with formation 

of [NOB]• and [NiO]−, Fig. 7. This would explain the increase in concentration of [NOB]• and the 

related decrease of [NiO]• centers with temperature, Fig. 5. Of course, the process can also involve 

more complex pathways which need a specific study in order to be elucidated in detail.    

 

4. Conclusions 

Nitrogen-boron co-doped TiO2 contains extrinsic defects responsible for the visible light absorption. 

In the solid the [NiO]• paramagnetic species (already observed and characterized in singly doped N-



TiO2 [5-7,29,46]), is accompanied by the more abundant [NOB]• center. Here we provide, based on 

well resolved CW-EPR spectra of both [14NOB]• and [15NOB]• and DFT calculations, a convincing 

evidence on the nature and structure of this new species. N and B atoms are interstitial species 

connected to the same O lattice ion. B, additionally, binds two other O ions reproducing the typical 

trigonal structure of B-O compounds. In this arrangement N acquires a surprisingly high spin 

density mainly concentrated in a 2p orbital (0.70 from EPR data or 0.84 from B3LYP calculations 

which compares with 0.54 from EPR data pr 0.70 from B3LYP calculations) found for the similar 

[NiO]•) which is nicely reproduced by theoretical calculations. This unusually large spin density is 

due to the fact that the unpaired electron resides in a π*-like MO of the NO unit which is polarized 

towards the N atom by the interaction of the O with B. The energy level of [NOB]• species is 

located close to edge of the valence band and lies below the corresponding level of [NiO]• [6,46] 

because of the electrostatic stabilization induced by the electron deficiency on boron. In this respect, 

the paramagnetic [NOB]• center does not contribute to the visible light activity. However, due to its 

low position in the gap, the [NOB]• center turns out to be a good electron acceptor which can trap 

charge leading to the formation of diamagnetic [NOB]− species. The energy level associated to 

[NOB]− lies higher in the gap than the neutral form and can contribute to the visible light activity of 

NB-codoped TiO2. Unfortunately, the simultaneous presence of the states induced by N-doping 

which are certainly inducing visible light activity, does not allow to reach a firm conclusion about 

the role of the [NOB]• and [NOB]− states in the optical properties of NB-codoped TiO2. Finally, the 

interplay between different paramagnetic centers indicates that the population of the defect states in 

their paramagnetic and diamagnetic form is temperature-dependent. 
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TOC GRAPHIC AND SUMMARY 

 
The Nitrogen-Boron Paramagnetic Center in Visible Light Sensitized N-B Co-doped TiO2. 

Experimental and Theoretical Characterization. 

 

A. Czoska, S. Livraghi, M.C. Paganini, E. Giamello, C. Di Valentin, G. Pacchioni 

 

 
 

N-B codoped TiO2 is investigated by means of EPR spectroscopy and DFT/B3LYP periodic 
calculations. Two paramagnetic centers are detected which can be assigned to specific structural 
models. 
 
 
 


