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Spectroscopic study of polycrystalline TiO, doped with vanadium
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The structure of coordination sites (V4" ions) and their spatial distribution in the polycrys-
talline titanium dioxide (rutile) lattice were studied by ESR. It was found that at low degrees of
doping, at [V**] < 0.5 at.%, the vanadium ions are isotropically distributed in the rutile lattice.
At [V#*] > 0.5 at.% a new microphase with the mixed composition {TiO,—VO,} is formed. The
mixed microphase has a noticeably narrower band gap than the initial TiO,. Comparison of the
photocurrent spectra and the plots of the integral photocurrent vs. vanadium content with the
structural data obtained using ESR spectroscopy showed that the formation of the {TiO,—VO,}
microphases deteriorates the photoelectrochemical properties of the modified photoelectrodes.
Synthetic procedures interfering the formation of such microphases in the doped rutile are

discussed.
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Numerous works during recent 25 years have been
devoted to studies of titanium dioxide. This is primarily
associated with its wide use (in the form of anatase or
rutile) as a support in the development of practically im-
portant titanium-vanadium catalysts.!2 Since TiO, is ac-
cessible, ecologically safe, and possesses semiconducting
properties, it is a promising starting material for the de-
velopment of efficient photocatalysts for decomposition
of highly toxic organic, including organochloric, sub-
stances3—% and electrodes for photoelectrochemical con-
version of solar energy.”—10

The main disadvantage of TiO, as a photoactive mate-
rial is the large gap of the forbidden band (£, = 3.1 eV for
rutile and ~3.0 eV for anatase) of the semiconductor,
which can absorb photons only in the UV region of the
solar spectrum with the wavelength A < 400 nm. One of
the routes for enhancement of the photosensitivity of TiO,
and improvement of its photochemical properties at
A > 400 nm is doping with electroactive admixtures, i.e.,
transition metal ions.11-12 The doping of monocrystalline
(MC) and polycrystalline (PC) TiO, in the rutile form
considerably changes the electrophysical and photo-
electrochemical properties of these materials.!1=15 The
spectral sensitivity of the TiO, electrodes was extended
markedly to the long-wave region using their doping with
the V4" and Cr3* ions.12:14-16

The influence of dopants on the semiconducting and
photoelectrochemical properties of TiO, has been studied

in detail. However, no sufficient attention was given to
analysis of the structure of these systems and, first of all,
to the space distribution of dopants in the TiO, matrix.
The randomness of distribution of acceptor admixtures
(V#" ions) in PC rutile or heterogeneity of its matrix has a
strong influence on the electrophysical properties. Know-
ing the spatial organization of the matrix of electrodes,
one can recommend pathways for improvement of the
technology of their manufacturing. This work is devoted
to the elucidation of the specific features of the structure
and properties of PC TiO, (rutile) doped with the VAT
ions using different spectroscopic and electrochemical
methods.

Experimental

Powders of TiO, and the doping admixture (VO,) (specially
pure grade) were used as the initial material for the preparation
of samples. The samples were synthesized by the solid-phase
reaction. The initial oxides were taken in a required ratio, thor-
oughly stirred, and molded to form bricks, which were subjected
to thermal treatment for 2 h at 1200 °C in an inert medium
(He). Two series of samples were prepared. In the first series
(V-1), after the thermal treatment, the matrix contained an
uncontrolled amount of oxygen vacancies. To remove the latter,
after high-temperature annealing, the samples of the V-2 series
were additionally annealed in air for 2 h at 900 °C. Due to the
dopant atoms and oxygen vacancies, after doping the samples
gained a uniform dark color both on the surface and in the bulk.
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Homogeneity of the resulting samples was monitored by X-ray
diffraction analysis, which showed that all doped samples up to
the vanadium content of 5 at.% retained uniformity and had the
structure of the initial rutile.!”

For photoelectrochemical and optical measurements, the
bricks were cut into plates 1.0 mm thick and both sides were
thoroughly polished. Then an indium or copper layer was de-
posited on one of the sides by vacuum sputtering to create an
ohmic contact. For ESR studies, a part of the doped sample was
ground to a particle size of 30—100 um.

Electroconductivity of the samples was measured by the
standard four-probe method. The spectral plot of the photocur-
rent was determined as follows. The light from a DKSSh-1000
high-pressure xenon lamp passed through an optical system and
a modulator and came to the monochromator inlet in an SF-16
spectrophotometer. At the outlet the light was focused on a
photoanode, which was placed in a photoelectrolysis cell. The
photoresponse was given to the first inlet of a synchronous de-
tector, and the signal from the load resistance of the inversely
biased photodiode came to the second inlet. Then the signal got
on a KSP-4 detector.

ESR spectra were recorded on a Varian E-3 radiospectro-
meter at 77 K in thin-walled quartz tubes 4.0 mm in diameter.
Second-order corrections were taken into account in calcula-
tions of the spin-Hamiltonian parameters for the V4* ions.18
Diphenylpicrylhydrazyl (g, = 2.0036) and Mn?" ions in the
MgO matrix were used for exact calibration of the magnetic
field magnitude. The amount of paramagnetic sites in the sample
was determined by double integrating of spectra and comparison
with the standard single crystal of CuCl,-2H,0 with the known
number of spins. Experimental ESR spectra were processed us-
ing the computer program written and kindly presented by
Prof. A. Kh. Vorob“ev (Department of Chemistry, M. V.
Lomonosov MSU).

Results and Discussion

The ESR spectra for the samples of the V-2 series with
different vanadium concentrations are presented in Fig. 1.
At low concentrations ([V#'] < 0.3 at.%), the spectrum
appears as a well resolved multiplet typical of the para-
magnetic V4 ions, which substituted the Ti*" ions in
nodes of the crystalline rutile lattice1%:20 (tetragonal chain
lattice, octahedral triangular coordination O/f, type
TX5,—SB C4, space group Dy,'*—P4/mnm).2! In the rutile
lattice, each [TiOg4] octahedron has two edges common
with neighbors and forms chains.?! The incorporation of
the V atoms does not remarkably change the parameter of
the rutile lattice to [V*T] = 4at.% (a = b = 4.4923 A,
c = 2.8930 A). These parameters somewhat increase
(@ = b = 4.5131%0.005 A, ¢ = 2.9073+0.003 A) at a
greater content (4—5 at.%). During doping, beginning
from [V*"] = 3 at.%, a pair of lines appears in the diffrac-
tion patterns of both series (V-1 and V-2). These lines do
not belong to TiO,, and we could not identify them.

It is seen from the data in Table 1 that the spin-
Hamiltonian parameters measured by independent au-
thors differ noticeably. To determine the main values of
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Fig. 1. ESR spectra of TiO, doped with V4" ions at 77 K: [V4*] =
0.1(1),1(2),2(3),and 5 at.% (4).

the 8- and A4 tensors, we simulated the experimental ESR
spectra on a computer, which allowed the g,, g, and 4,, 4,
parameters characterizing x—y anisotropy in the equa-
torial plane of the polyhedron to be calculated with
good accuracy. Our results are closest to the published
data!%:22:24 (see Table 1). In the samples of the V-1 series
at [V#*] < 0.2 at.%, lines corresponding to the interstitial
V4 jons, whose fraction is small and decreases rapidly
with an increase in the content of the V4" ions, are ob-
served against the background of the main ESR spectrum
(type A, see Table 1). The ESR parameters for this signal

Table 1. Parameters of ESR spectra (g,, g, &, Ay, 4, 4;) of rutile
doped with the V** ions

Rutile & 8y & A, A, A, Refs.
sample G

V-1 1.915 1913 1958 31.8 455 151.3 —*
(type A)

V-1 1.986 1.9935 1.9405 48.5 64.5 121.5 —*
(type B)

V-2 1.9152 1.913 1.9583 31.87 45.5 151.25 —*
PC 1.913 1913 1956 31 45 156 19
PC 1.914 1912 1956 35 49 156 20
MC 1.915 1913 1956 34.7 48.1 1555 22
MC 1913 1912 1.955 34.6 49.4 155 23
MC 1.9865 1.9930 1.9407 49 65 123 24
TiO,** 1.917 1.893 1.966 39.1 453 153.6 25
NC 1.906 1.899 1941 31 51 152 26

Note. PC is polycrystalline TiO,, MC is monocrystalline TiO,,
and NC are nanocrystals of TiO,. The accuracy of measurement
of the parameters: &y +0.004, 4, ,, +2 G, and 4,, 3 G.

* Data of this work.

** Calculated values.
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Fig. 2. Total content of the V4" paramagnetic sites in doped
polycrystalline TiO, without annealing (/) and with annealing
at 900 °C in air (2) and the local concentration C . (3) of the
isolated V** ions at different vanadium concentrations.

(type B, see Table 1) virtually coincide with the data
obtained?4 for rutile single crystals.

An increase in the content of the V** jons first results
in broadening (8H) of the individual components of the
ESR spectrum (see Figs. 1 and 2) due to the magnetic
dipole-dipole interaction,2”-28 and then a broad sin-
glet line, whose fraction monotonically increases up to
[V4T] = 5at.% (see Figs. 1—3), appears against the
background of the continuing increase in 8H. Thus, at
[V4T] = 1 at.% the ESR spectra are the superposition of
the multiplet spectrum, which characterizes isolated
(magnetically diluted) V4 ions, and the singlet with
8o = 1.935%0.005 and linewidth AH = 14.0 mT typical of
the V** sites coupled by the strong spin-exchange inter-
action.?? These sites are localized in microphases with a
high local concentration [V4*],/mol L~!, which can be
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Fig. 3. Concentrations of the isolated (/) and associated (2) V4*
ions at different concentrations of the VO, microphase in the
doped polycrystalline rutile.

estimated in the region of exchange narrowing (see
Ref. 29) of the spectrum using the correlation

Veolid = Ksonial V4*12 = 3.0 1011 (AH) 1, (1)

where v;g and K ;4 are the frequency and rate constant,
respectively, of statical spin exchange in the solid state
(Kyojig = 1.8+108 s71 (g-ion L=1)~2 for the VO?* vanadyl
ions in solutions vitrified at 77 K), and AH/G is the
linewidth.2?

Substituting the experimental AH value, we obtain
[V¥*], = 3.5 mol L~!, from which it follows that the mean
distance <d>, between the paramagnetic V4* ions in the
regions of a high local concentration is ~7.7 A according
to the equation <d>; = 108+ ([V¥];- Ny)~1/3 (N, is
Avogadro’s number). The found <d>, value more than
twofold exceeds the distance between the adjacent metal
ions in the lattices of TiO, and VO, single crystals
(d=3.0 A),21 indicating the formation of mixed titanium-
vanadium oxide microphases {TiO,—VO,} with a high
V4T content in the rutile samples at degrees of doping
higher than 1 at.%.

Computer analysis of the ESR spectra provided an
additional quantitative information on the PC rutile struc-
ture doped by the V4" ions. Double integrating of the
spectra showed (see Fig. 2) that in the samples of the V-2
series all vanadium ions are paramagnetic (within the ex-
perimental error) and distributed either as isolated V4
ions in the TiO, matrix or in the {TiO,—VO,} micro-
phases. The fractions of the V** jons (B) in the indicated
microphases, depending on the degree of doping, were
determined by the subtraction of the singlet line from the
ESR spectra of the samples of the V-2 series (see Fig. 3).

When the doped sample contains oxygen vacancies
(V-1 series), the content of the V4™ paramagnetic sites is
approximately constant but by several times lower than
that in the V-2 samples at the same total dopant concen-
trations, i.e., at [V4"] > 0.5 at.% the main fraction of
vanadium ions is in the diamagnetic state. Now we can-
not unambiguously explain the above facts; so additional
studies will be performed. Note that no broad singlet line
in the ESR spectra of all V-1 samples was observed up to
[Vit] =5at.%.

It is known27-28 that the mean local concentration of
paramagnetics (Cy,;) in the zones of their localization can
be determined by measuring the dipole-dipole broaden-
ing value 8H of the lines of the ESR spectra in the solid
matrix

Cioc = 0H/A, (2)

where 8H = AH — AHy (AH is the width of the individual
line in the ESR spectrum, and AH, is the width in the
absence of dipole interaction); A is the coefficient de-
pending on the space distribution of paramagnetic sites in
the sample, the shape of the individual line, and time of
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the spin-lattice relaxation (7)) of the broadening para-
magnetic.28 For the VO?" vanadyl and V4" vanadium ions,
T 2 1085, i.e., spin-lattice relaxation exerts no effect on
the width and shape of the ESR line.27-28

The C,. values in the microphases with the isolated
V4 sites in the TiO, matrix were determined using Eq. (2)
from the concentration broadening of the first and sev-
enth components of parallel orientation of the spectrum
(see Fig. 2). The value Ayeor = 5.8+10720 G cm? (see
Ref. 28) was used in calculation under the assumption
that the V*' ions are arranged in the sites of the regu-
lar cubic sublattice (Gaussian line shape). It follows
from Fig. 2 that at [V*"] > 0.5% the mean distances
<r>=(Cp,.~"/? between the V** ions in the microphases of
the slightly doped TiO, lattice become much longer than
those calculated (r,.) from [V#] for doped rutile (for
example, for the Ti| g9V(0;O0, sample <r> = 2.0 nm at
Teale = 1.53 nm). This also indicates that some vanadium
ions form the {TiO,—VO,} microphases dissolved in TiO,
already at the degree of doping of 1 at.%.

The results of studying the electroconductivity and
photoelectrochemical properties of the samples confirm
the ESR data. For example, the electroconductivity of
the V-1 samples increases slowly to 2.0 Ohm~! cm~! with
an increase in the V** concentration to 1 at.%. The fur-
ther increase in the vanadium concentration results in a
decrease in the electroconductivity of the samples to
~0.1 Ohm~! cm~!. Such a behavior can be explained by
the formation of a mixed {Ti0,—VO,} microphase, whose
exact composition is yet unclear. A similar behavior is
demonstrated by the V-2 samples with a lower electro-
conductivity. We believe that in both series the character
of spatial distribution of the doping vanadium ions in the
rutile lattice is identical and caused by processes that
occur during calcination (1200 °C). Therefore, the char-
acter of the microphases designated as {TiO,—VO,} and
their composition are similar in the V-1 and V-2 samples.
However, in the case of the V-2 series, these mixed
microphases contain the V4" ions (due to additional oxi-
dative annealing), and for the V-1 series, they contain the
V37 jons because annealing was not carried out.

The spectral curves of the photocurrent for the samples
doped with the V4" ions (Fig. 4) show that an increase in
the vanadium concentration shifts the maximum of the
main absorption toward short wavelengths, whereas its
absolute value decreases (for convenience, all maxima in
Fig. 4 were normalized to the same value) and the region
of long-wave absorption is simultaneously extended to
800 nm.

For the samples synthesized at 1200 °C, the long-wave
absorption threshold at low V4* concentrations is 1.77 eV,
and at [V**] > 2 at.% it becomes equal to 1.5 eV. These
results suggest that doping the samples by vanadium re-
sults in different phases: the vanadium-doped rutile and a
solid solution of VO, in TiO, with a relatively narrow

I,p/rel. units
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Fig. 4. Photocurrent (/,;,) spectra for the samples doped with
0.5(1),1(2),2(3),3(4),and 5 at.% (5) of vanadium.

band gap. An increase in [V*'] increases the fraction of
the {VO,—TiO,} solid solution, which increases the long-
wave photosensitivity and sharply decreases the electro-
conductivity of the samples. As a result, the photo-
electrolysis current for these samples is lower than that for
the non-doped samples despite a rather broad region of
the long-wave photosensitivity in the spectral curves of
the photocurrent. Since a sufficiently high voltage (up to
8—10 V) was applied to the sample in detection of the
spectral curve, all generated carriers contribute to the
photoresponse. The photoelectrolysis process was studied
without application of a voltage from an external source
and, hence, the carriers generated in the sample depth by
the long-wave light recombined in the semiconductor bulk
before their escape to the semiconductor surface and in-
volvement in redox reactions. New microphases appeared
at high [V*'] concentrations deteriorate the photo-
electrochemical properties of the electrodes. This is seen
in the plots of the integral photoelectrolysis current
vs. vanadium concentration presented in Fig. 5.

Hence, we can conclude that a milder regime of ther-
mal treatment is needed for the preparation of the effi-

iph/nlA
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Fig. 5. Plot of the integral photocurrent (i) vs. vanadium per-
centage.
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cient photoelectrodes based on the vanadium-doped TiO,
sensitive in the long-wave spectral region. To obtain the
samples containing no microphases of the {TiO,—VO,}
type, one should perform the synthesis, most likely, at
lower temperatures (<1100 °C) and for longer time.
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