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Abstract Samples of titanium dioxide, TiO2, doped with vanadium ions

(0.1 B [Vn?]0 B 5.0 at. %) at high temperature, were prepared in a polycrystalline

state and investigated using X-, Q-, and W-band electron paramagnetic resonance,

EPR, spectroscopy. Substitutional and interstitial V4? centers in TiO2 lattice have

been both observed in EPR spectra, and their spin-Hamiltonian parameters were

calculated. Portions of paramagnetic and diamagnetic species of Vn? ions were

estimated. The effect of additional high temperature annealing on the valence state

of vanadium centers is discussed.

1 Introduction

During last 35–40 years, a numerous amount of papers have been published

concerning titanium dioxide materials modified with different metal and non-metal

atoms. TiO2-based compounds are widely used as effective photocatalysts for

decomposition of highly toxic organics including chloro organic compounds [1–12],

as electrodes for photoelectrochemical conversion of solar energy [13–16] as well as

titanium-vanadium catalysts in many industrial processes [17–19]. In all cases,
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titanium dioxide has been used in the form of anatase, rutile or their mixtures. Since

TiO2 is ecologically safe, being a wide-gap semiconductor, it seems to be a

promising starting material for the development of new effective photocatalysts.

The main disadvantage of TiO2 as a photoactive support is its large gap of the

forbidden band (Eg = 3.1 eV for rutile and &3.0 eV for anatase) of the

semiconductor, i.e., only light of the nearest UV region of the solar spectrum can

be absorbed at the wavelengths k\ 400 nm. One of the possible ways for

enhancement of the photosensitivity of TiO2 and the improvement of its

photochemical properties at k[ 400 nm is its doping or modification with the

transition metal ions [20, 21]. The doping of single crystalline (SC) and

polyc1ystalline (PC) TiO2 in the rutile form noticeable changes the electrophysical

and photoelectrochemical properties of titania [20–23]. The spectral sensitivity of

TiO2 materials can be reasonably extended to the long-wave region by doping with

V4? or Cr3? ions [23–25].

In this paper, the spectroscopic features of the polycrystalline, PC, TiO2 (rutile)

doped with vanadium ions, obtained using X-, Q- and W-band electron paramag-

netic resonance, EPR, spectroscopy are reported. The role of high temperature

annealing as a factor affecting properties of V–TiO2 system are discussed.

2 Experimental

Powders of pure TiO2 and of V2O5 were stirred thoroughly at the required ratios and

the briquettes were compressed of these mixtures under pressure of 250 kg s/cm2.

Then, the briquettes were thermally treated. Firstly, temperature was slowly

increased till 600 �C at 2�/min, and at this temperature the samples were treated

during 10 h. Then, the briquettes were grinded again in an agate mortar and pressed

again into briquettes, which were thermally treated for 2 h at 1200 �C in an inert

medium (He). Afterwards, temperature decreased at 50�/h. This set of samples with

total vanadium content of 0.1 B [Vn?]0 B 5.0 at. % has been investigated using

EPR technique. In these samples, the matrix contained an uncontrolled amount of

oxygen vacancies. For removing them, some samples were additionally annealed in

air for 2 h at 900 �C. After the last procedure, the samples became dark colored

both on the surface and in the bulk. Homogeneity of the resulting samples was

tested by the X-ray diffraction analysis, which showed that all doped samples up to

vanadium content of 5 at. % retained uniformity and had the structure of the initial

rutile [25].

EPR measurements of the polycrystalline samples were performed on an X-band

Bruker EMX-8 spectrometer at 77 K. The spectrometer frequency was 9.65 GHz, a

modulation frequency of 100 kHz and a microwave power of 0.5 mW were used.

Also, the EPR measurements were carried out on a Bruker ELEXSYS E 580

spectrometer at Q-band and on an ELEXSYS E 680 spectrometer with supercon-

ducting magnet at W-band in the temperature range of 80–40 K. The sample

temperature was controlled in a helium gas-flow cryostat (Oxford). The spin-

Hamiltonian parameters: the hyperfine splitting, hfs, constants on vanadium 51V

atom. Ax, Ay, Az, and g-values gx, gy, gz for the X-,Q- and W-band spectra were
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calculated by the computer simulation of the experimental EPR spectra. EPR

spectra fits were done using the computer program package developed by Prof.

A. Kh. Vorob’ev (Department of Chemistry, M. V. Lomonosov Moscow State

University).

The absolute amounts of paramagnetic vanadium ions [V4?] in the samples, in

spin/g, were evaluated by double integration of the spectra and by comparison of the

results with a reference: the spectrum of a CuCl2�2H2O single crystal with known

number of spins. The Mn2? admixture in MgO was used for a precise graduation of

EPR spectra.

3 Results and Discussion

Typical X-band EPR spectra at 77 K of TiO2 doped with 0.1 at. % of vanadium just

after synthesis of the polycrystalline V-TiO2 material and after additional high-

temperature annealing at 900 �C in air are shown in Fig. 1. Computer analysis of the

spectra reveals that experimental spectrum (a) is a superposition of two different

paramagnetic centers. Subtracting spectrum (b) from spectrum (a), we obtained

spectrum (c) which is enlarged five-fold in Fig. 1. The spin-Hamiltonian parameters

calculated from EPR spectra modeling (b0, c0) are listed in Table 1. It should be

noted that computer fitting of the X-band spectra gives hgi and hAi values with a

relatively high precision.

Increasing of the vanadium content to [Vn?]0 = 0.3 at. % and higher results in

existing of only one type (b) of paramagnetic centers without any traces of the

spectrum (b) even without additional high temperature annealing. EPR spectra

analysis allowed us to conclude that maximum content of the interstitial centers
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Fig. 1 X-band EPR spectra at
77 K normalized to the equal
weight of V-TiO2 samples at 0.1
at. % of vanadium before
(a) and after (b) annealing at
900 �C in air. The spectrum
(c) is obtained by subtracting
(b) from (a), the amplitude of
(c) is enlarged five-fold. Spectra
(b0) and (c0) are computer fits of
spectra (b) and (c) respectively
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does not exceed (3–4) 9 1017 spin/g, what is approximately tenfold less comparing

to the amount of substitutional V4? species in the same sample.

Figure 2 presents EPR spectra of the same samples recorded at the Q-band,

because of the higher external magnetic field, the resolution of lines reflecting

Zeeman interaction at x- and y- orientations became more evident. In this case, EPR

parameters obtained from the computer fitting of the Q-band experimental spectra

(a0. b0 in Fig. 2) are calculated with higher precision. They are also given in the

Table.

The best resolution of the intersticial and substitutional EPR spectra in the same

samples has been achieved with recording at the W-band which are shown in Fig. 3.

Parameters of the computer fitting are also listed in the Table.

It follows from the results given in the Table as well as in publishes in Ref. [34]

that (a) the nature of the V4? ion location in the TiO2 lattice: substitutional or

intersticial, influences noticeably on hgi and hAi values, which are principly

different: gx, gy[ gz for interstitial, gx, gy\ gz for the substitutional ions, while in

both cases Ax, Ay\Az; (b) values measured fon single crystals and polycrystalline

Table 1 EPR parameters (hfs constants are in 10-4 9 Am, cm-1) of V4? paramagnetic centers in

vanadium-doped TiO2 (rutile) lattices

Sample gx
a gy gz Ax

a Ay
a Az

b References

X-band, lat. 1.9160 1.9137 1.9579 30.2 42.6 140.0 This work

X-band, int.d 1.9863 1.9914 1.9411 44.3 58.9 110.2

X-band, int.e 1.9826 1.9895 1.9355 45.1 60.1 113.1

Q-band, lat. 1.9152 1.9132 1.9564 31.0 43.3 143.4

Q-band, int. 1.9850 1.9902 1.9372 47.1 60.6 102.9

W-band, lat.f 1.9149 1.9128 1.9557 30.2 42.9 141.8

W-band, lat. 1.9150 1.9130 1.9555 30.3 43.0 142.3

W-band, int. 1.9836 1.9890 1.9363 46.6 60.7 102.9

V-TiO2, lat. 1.915 1.913 1.958 31.8 45.5 151.3 [26]

V-TiO2, int. 1.986 1.9935 1.9405 48.5 64.5 121.5

PC 1.913 1.913 1.956 31 45 156 [27]

PC 1.914 1.912 1.956 31 44 142 [28]

SC 1.915 1.913 1.956 31 43 142 [29]

SC 1.913 1.912 1.955 31 44 141.5 [30]

SC, int. 1.9865 1.9930 1.9407 45.4 60.5 111.4 [31]

Theory 1.917 1.893 1.966 35 40 141 [32]

NCc 1.906 1.899 1.941 27.6 45.2 138 [33]

a The accuracy of measurements in X-band is: gm ± 0.003, An ± 2 9 10-4 cm-1

b Az ± 3 9 10-4 cm-1

c NC, lat., int. mean nanocrystalline particles, lattice, intersticial correspondingly
d From the whole spectrum fit
e From the subtracted spectrum
f From single spectrum
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materials are practically coinside; (c) structural peculiarities of NC particles,

reflecting in EPR parameters, are noticeably different from those of SC and PC

cases; (d) at the first time in polycrystalline titania, both types of doping

paramagnetic vanadium V4? centers were observed at once in the same sample.

Double integration of EPR spectra of V-Tio2 samples containing different

amount of the doping vanadium (Fig. 4) shows that the content of paramagnetic

V4? ions in the TiO2 lattice, [V4?], increasing slightly at the beginning up to

[Vn?]0 B 0.5 at. %, monotonously decreases afterwards. Comparing the measured

[V4?] values in the titania matrix with the whole titanium content at [Vn?]0[ 1.0
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Fig. 2 Q-band EPR spectra at
40 K normalized by amplitude
of V-TiO2 samples at 0.1 at. %
of vanadium before (a) and after
(b) annealing at 900 �C in air.
Spectra (a0) and (b0) are the
computer fits of spectra (a) and
(b) respectively
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Fig. 3 W-band EPR spectra at
40 K normalized by amplitude
of V-TiO2 samples at 0.1 at. %
of vanadium before (a) and after
(b) annealing at 900 �C in air.
Spectra (a0) and (b0) are the
computer fits of spectra (a) and
(b) respectively. Asterisks
denote four first lines of a Mn2?

admixture in MgO spectrum
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at. %, i.e., [6.1 9 1019 spin/g, one can conclude that the main part of doped

vanadium ions are diamagnetic (more than 90 %), being in the valent state of V5?.

At [Vn?]0 = 5.0 at. %, a portion of paramagnetic V4? ions does not exceed 0.5 %

of the total vanadium content [Vn?]0.

Comparing our present results with those obtained for the high-temperature

annealed V-TiO2 samples reported in [26], we would like to emphasize that such

annealing move all previously diamagnetic vanadium species to the paramagnetic

state, i.e., from V5? to V4? ions. V-TiO2 centers observed in [26] were of only a

substitutional type, and their concentration linearly increased with the increase of

[Vn?]0. Photophysical and photoelectrochemical properties of the samples described

in Ref. [26] were more stable and reproducible in time.

4 Conclusion

Samples of titanium dioxide TiO2 (rutile) doped with vanadium ions

(0.1 B [Vn?]0 B 5.0 at. %) prepared under high temperature synthesis in a

polycrystalline state were investigated using X-, Q- and W-band EPR spectroscopy.

Substitutional and interstitial V4? centers in V-TiO2 lattice have been both observed

in EPR spectra at [Vn?]0 = 0.1 at. %. Their spin-Hamiltonian parameters were

calculated from EPR spectra simulations. Portions of paramagnetic and diamagnetic

species of Vn? ions were calculated, and the additional high temperature annealing

of the samples changed the valence state of vanadium centers from diamagnetic V5?

to paramagnetic V4? ions.
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