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The influence of impurities on optical and photocatalytic properties was studied in a series of nanocrystalline TiO2 with similar coherent

scattering region sizes, phase compositions, surface areas and lattice parameters doped by Fe, Cr, Mn and V ions. Doping leads to an increase

of absorption in the visible part of the spectrum due to the formation of additional levels in the band gap. In the case of Fe and Cr ions, d-d

transitions are observed, whereas in the case of Mn and V ions, an additional band is associated with the transition from impurity level to Ec.

The presence of impurities effectively suppresses photocatalytic activity in the methyl orange decoloration reaction.
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1. Introduction

Tuning of photocatalytic properties of titanium dioxide is important for many practical applications of this
material. One of the approaches to modify the photocatalytic activity of TiO2 is doping by metal and non-metal
ions. Different dopants such as metal ions: iron, chromium, nickel, manganese, niobium, cerium and other
lanthanides, and non-metal atoms have been studied in detail [1–15].

In the case of TiO2 doped with metal ions, which substitute Ti4+, or non-metals which substitute O2− or sit in
interstitial positions the material absorbs light with higher wavelengths in comparison with undoped TiO2. Some
authors associate this observation with the change of the band gap [16, 17]. Other authors suggest that the change
of optical properties can be explained by the formation of additional energy levels in the band gap [18–20]. Such
levels not only change optical properties but also may exert influence on the dynamics of the charge carriers.

For instance, it was observed [1, 14] that doping in titanium positions in TiO2 lattice leads to the suppression
of photocatalytic activity of TiO2 because of the formation of defects such as oxygen vacancies, which may
trap the electrons and form color centers. It is obvious that the type and concentration of defects partially
determine photocatalytic activity of TiO2 and should lead to the decrease of photocatalytic activity because of
recombination processes. However many other works mentioned above demonstrate that doping leads to the
increase of photocatalytic activity.

One can explain these contradictory tendencies by the influence of other factors which influence on photocat-
alytic activity of TiO2: crystallinity, particle size, phase composition and surface [21–23]. Introduction of impurity
with subsequent calcinations at relatively high temperature lead to the situation when several characteristics within
the same series of the samples change. For example, optical properties, grain size and crystallinity may change
with the increase of dopant concentration because impurities influence on TiO2 crystallization process.

In present study we used an approach which allowed us to distinguish the effects of the change of optical
properties from microstructure and phase composition effects on the photocatalytic properties of metal doped TiO2.
We prepared nanocrystalline TiO2 with different concentrations of iron, chromium, vanadium and manganese
impurities and with other characteristics such as phase composition, surface area, porosity and coherent scattering
region sizes which were close to the parameters of non-doped samples. Their optical properties were studied by
means of UV-Vis spectroscopy. The deconvolution of the spectra allowed us to find the positions of energy levels
in the band gaps and to assign them to certain impurities, color centers and other processes. We also measured
the photocatalytic properties of pure and doped nanocrystalline TiO2 in the methyl orange decoloration reaction to
find correlation between optical properties and photocatalytic activity.
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2. Experimental

The synthesis of nanocrystalline TiO2 was performed by hydrolysis of Ti(OiC3H7)4 (Aldrich, 97 %) in
presence of triblock copolymer Pluronic (Aldrich, 95 %) in aqueous media. Titanium isopropoxide was added to
the solution of the polymer, NH4F (Sigma-Aldrich, 98 %) and HNO3 at pH=2 under vigorous stirring. The final
composition of the reaction mixture was: 1 Ti(OiC3H7)4: 0.016 P123 : 14.8 HNO3 : 0.01 NH4F : 164 H2O. The
suspension was stirred for 72 hours at room temperature; the precipitate was collected and washed several times
by centrifugation. To prepare doped TiO2 proper amount of the corresponding salt (Mn(NO3)2·4H2O (Aldrich,
95 %), Fe(NO3)3·9H2O (Fluka, 95 %), Cr(NO3)3·9H2O (Sigma-Aldrich, 98 %), NH4VO3 (Sigma-Aldrich, 99 %))
was added to the reaction mixture before the addition of Ti(OiC3H7). The following molar ratios of impurity to
titanium were put into reaction mixtures: 0.05 %, 0.1 %, 0.5 %, 1 % and 3 %.

Characterization of pure and doped TiO2 was carried out by powder x-ray diffraction. X-ray diffraction
patterns were acquired using a Rigaku D/MAX 2500 diffractometer equipped with θ – 2θ Bragg-Brentano reflection
goniometer, Cu-rotating anode (40 kV, 250 mA), curved graphite monochromator placed at the reflected beam and
a scintillation counter. Diffraction data were collected in the 0.5 – 60 2θ range with a 0.01 step and a fixation
time of 2 s/step. The ICDD PDF-2 base was used to identify crystalline phases. The fitting of XRD profile was
performed by means of Jana 2006 software [24] Transmission electron microscopy (TEM) studies were performed
at the Zeiss Libra 200 at 200 kV. Bright field TEM and selected area electron diffraction (SAED) images were
collected using a CCD Gatan Ultrascan 4000 at 2k×2k resolution. Adsorption and desorption isotherms of nitrogen
were obtained at 77 K on a Quantachrome NOVA 4200e. The samples were outgassed at 473 K for 5 h before
measurements were performed. The concentration of impurities was determined by mean of mass-spectrometry
with inductively-coupled plasma (ICP MS) using ELAN DRC II Perkin Elmer spectrometer. Optical properties
were analyzed by a UV-visible diffuse reflectance spectrometer Lambda 950 (Perkin Elmer) in the range 200 –
1100 nm.

Photocatalytic activity was measured by the decoloration of methyl orange in aqueous solution under UV
illumination by high-pressure Hg bulb (5 W) in a cylindrical quartz IceGlass reactor with a thermostating contour.

3. Results and discussion

The concentrations of impurity ions in doped TiO2 samples were determined by ICP-MS (Table 1). One
can see that molar ratio of impurity content to TiO2 is lower than in reaction mixture during the synthesis but
systematically increases with increase of the concentration of metal salt in the reaction mixtures. The concentration
of impurity changes had the following ranges: 0.03 to 1.63 mol. % for Fe-doped TiO2; 0.02 to 1.22 mol. % for
Cr-doped TiO2; 0.03 to 1.44 mol. % for V-doped TiO2; 0.02 to 1.24 mol. % for Mn-doped TiO2.

The structure and phase composition of pure and doped titanium oxide samples were characterized by low
temperature nitrogen sorption, powder X-Ray diffraction and transmission electron microscopy. The parameters of
the porous and crystalline structure as well as phase composition for all samples are similar (Table 1). All samples
have high specific surface area (230 – 290 m2/g) and consist of the mixture of anatase (80 – 90 %) and brookite
(10 – 20 %) with the sizes of coherent scattering regions ranging from 4 – 6 nm. The formation of anatase phase
during hydrolysis and relatively low temperature treatment is in good agreement with literature data [25]. Any
other phases containing iron, chromium, vanadium and manganese have not been detected by X-Ray diffraction.
The unit cell parameters were determined for anatase phase (a = 3.78± 0.02 Å, c = 9.48± 0.09 Å) and seem to
be the same for all samples in the range of calculation uncertainty (Table 1) unlike Nb-doped samples in the same
concentration range [26].

Typical TEM image of Cr-doped sample is presented on Fig. 1. The sample consists of the primary particles
with diameters in the range 4 – 6 nm. This result is in good agreement with the result of calculation of coherent
scattering region size for this sample. The other samples have the same microstructure according TRM data.

The electron diffraction pattern consists of concentric circles which are typical for polycrystalline samples.
The values of d correspond to the anatase phase. The reflections for brookite phase are not clearly seen because
of low brookite content, small particle size and because the most of the reflections of brookite phase overlap with
the reflections of anatase.

Optical properties of pure and doped titanium oxide were studied by diffuse reflectance UV-Vis spectroscopy.
The spectra are presented on the Fig. 2. All doped samples demonstrate the increase of absorption in visible region
in comparison with pure TiO2. Also, the intensity of visible light absorption increases with the increase of dopant
concentration. The intensity of optical absorption depends not only on the concentration but also on the nature of
the dopant. In the case of Fe- and Mn-doped TiO2, we observe a shoulder near the absorption edge. Whereas in
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TABLE 1. Impurity concentrations, specific surface areas, CSR sizes and unit cell parameters of
anatase phases for pure and doped nanocrystalline TiO2

Impurity to Impurity Specific CSR size (nm) and Unit cell
titanium ratios concentration (mol. %) surface area phase content (%) parameters of
ion reaction determined by ICP (m2/g) anatase, Å

mixture (mol. %) MS

Pure TiO2 – 270
anatase 5 90 a 3.78±0.02
brookite 6 10 c 9.48±0.09

0.05 (Fe) 0.03 250
anatase 6 90 a 3.79±0.02
brookite 4 10 c 9.49±0.04

0.1 (Fe) 0.09 240
anatase 6 90 a 3.80±0.01
brookite 4 10 c 9.51±0.06

0.5 (Fe) 0.25 230
anatase 6 90 a 3.80±0.04
brookite 5 10 c 9.48±0.09

1 (Fe) 0.53 270
anatase 5 90 a 3.79±0.02
brookite 4 10 c 9.53±0.07

3 (Fe) 1.63 250
anatase 5 90 a 3.78±0.02
brookite 4 10 c 9.49±0.07

0.05 (Cr) 0.02 230
anatase 5 90 a 3.81±0.02
brookite 4 10 c 9.53±0.06

0.1 (Cr) 0.05 230
anatase 5 90 a 3.80±0.02
brookite 4 10 c 9.49±0.07

0.5 (Cr) 0.24 230
anatase 5 90 a 3.81±0.03
brookite 5 10 c 9.48±0.07

1 (Cr) 0.50 270
anatase 6 90 a 3.78±0.02
brookite 5 10 c 9.45±0.05

3 (Cr) 1.22 250
anatase 5 90 a 3.90±0.01
brookite 4 10 c 9.49±0.02

0.05 (Mn) 0.03 270
anatase 5 90 a 3.80±0.02
brookite 5 10 c 9.51±0.06

0.1 (Mn) 0.07 290
anatase 6 80 a 3.80±0.02
brookite 5 20 c 9.50±0.06

0.5 (Mn) 0.27 260
anatase 4 80 a 3.81±0.03
brookite 5 20 c 9.52±0.05

1 (Mn) 0.35 290
anatase 5 90 a 3.78±0.02
brookite 5 10 c 9.49±0.05

3 (Mn) 1.44 280
anatase 5 90 a 3.80±0.03
brookite 4 10 c 9.50±0.03

0.05 (V) 0.02 260
anatase 5 90 a 3.81±0.01
brookite 5 10 c 9.52±0.08

0.1 (V) 0.03 250
anatase 5 90 a 3.80±0.01
brookite 5 10 c 9.47±0.05

0.5 (V) 0.18 280
anatase 5 90 a 3.81±0.02
brookite 4 10 c 9.50±0.05

1 (V) 0.36 280
anatase 5 80 a 3.79±0.01
brookite 5 20 c 9.46±0.07

3 (V) 1.24 250
anatase 5 80 a 3.81±0.02
brookite 4 20 c 9.49±0.04
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FIG. 1. Typical TEM image of Cr-doped nanocrystalline TiO2 (1.22 mol.% of Cr)

FIG. 2. UV-Vis spectra of nanocrystalline TiO2 and nanocryctalline TiO2 doped by Fe (a), Cr (b),
Mn (c) and V (d) ions

case of V- and Cr- doped TiO2 the intensity of absorption which is associated with impurity is comparable with
the intensity of TiO2 absorption edge.

It was mentioned before that all samples have similar nanocrystalline structure, coherent scattering region size
and phase composition. The unit cell parameters for pure and doped samples also do not change significantly.
Thus, one can assume that the physical band gap is also constant and the change of optical properties occurs due
to the formation of new energy levels in the band gap. The value of the band gap and the positions of impurity-
associated levels were determined by mathematical processing of UV-Vis spectra.
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Anatase is the main component of the nanocrystalline TiO2 sample according XRD data and it is an indirect
semiconductor. The procedure of band gap determination for indirect semiconductors involves plotting of the
absorption spectrum in coordinates

√
α vs. hν and finding of the interceptions of the linear parts of the curve with

the abscissa axis [27]. The values which are found by this approach correspond to phonon-assisted transitions.
However there are no linear parts of the absorption curve in case of anatase (Fig. 3). Similar absorption spectrum
was observed in anatase single crystals [31]. It was concluded that anatase absorption edge follows Urbach rule
because the excitons are self-trapped. In case when the absorption edge is Urbach type, the absorption depends on
photon energy as:

α (E) = α0 exp

(
−σEo − E

kT

)
,

where α (E) is absorption coefficient, σ is the steepness parameter, Eo is optical gap value and E is photon
energy. We estimated optical gap value Eo using this equation as the slope of the absorption curve in logarithmic
coordinates and obtained the value of 3.35 eV which is in good agreement with the data provided in [28]. On the
other hand there is significant discrepancy with the other literature data [29] where the band gap value of anatase
was found to be only 3.05 eV. The authors of this work did not provide the details about the band gap calculation
procedure and did not mention Urbach nature of anatase absorption edge.

FIG. 3. UV-Vis spectrum of nanocrystalline TiO2

√
α vs. hν and calculation of optical bang

gap assuming Urbach tail (inset)

Further deconvolution of the spectra allowed us to determine the transition energies associated with defect
levels in the band gap. The approach was suggested by Serpone, Kuznetsov, Rybchuk and Emeline for oxygen-
deficient and nitrogen-doped titanium oxide [18–20,30]. In our work, the spectrum of undoped TiO2 was subtracted
from the spectra of doped samples and the residual spectrum was deconvoluted by Gaussian functions. The positions
of maxima of Gaussian peaks were associated with different types of transitions. Some of these transitions are
observed in all doped samples and there are the transitions which are characteristic for certain dopant. The
deconvolution of the spectra of doped samples which Fig. 4. contain the highest concentrations of impurity are
presented on Fig. 4 and the schematic representation of the transitions is presented on the Fig. 4.

Two bands, at approximately 2.7 eV and 2.9 eV, are present in the spectra of all doped samples. According
to the data of Serpone and Emeline [18–20] they can be attributed to d-d transitions of Ti3+ or may be associated
with oxygen vacancy level in the band gap [31]. The formation of Ti3+ ions in the lattice of TiO2, vacancies in
anionic positions and color centers may occur due to partial reduction during decomposition of organic residuals
during calcination:

−O2−− → O + VO + 2ē,

Vo + ē→ F+,

F+ + Ti4+ → F++ + Ti3+.

The bands at 3.2 – 3.3 eV may be attributed to the transitions to exciton levels near the band gap edges.
All other bands differ in the spectra of the samples with different type of dopant and were associated with

d-d transitions of impurity ions or with transitions from impurity level to Ec. The positions of impurity levels in
nanocrystalline anatase TiO2 were taken the same as experimental values for rutile single crystal [32]. The levels
of Fe3+, Cr3+, V4+ and Mn3+ lie at 3.0, 2.7, 1.9 and 2.1 eV below Ec respectively.
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FIG. 4. Deconvolution of UV-Vis spectra of nanocrystalline TiO2 doped by Fe (a), Cr (b), Mn (c)
and V (d) ions

In the case of Cr-doped TiO2, we observe 3 bands with the energies 2.4, 1.8 and 1.6 eV. These energies
are very close to the energies of d-d transitions of Cr3+ ions observed in Cr-doped spinel and ruby [33, 34]. In
both cases Cr3+ ion is in octahedral coordination and the crystal field of oxygen atoms which surround it may be
assumed as similar. So, we conclude that these bands correspond to the d-d transitions of Cr3+ ions in anatase
lattice.

The same approach can be used for interpreting the spectra of Fe-doped samples. The bands which are present
in the spectra of Fe-doped samples at 1.4, 1.9 and 2.6 eV are very close to the bands of Fe3+ in spinel [35]. So,
these bands correspond to d-d transitions of Fe3+ ions in anatase lattice.

The situation for V-doped and Mn-doped samples is different. The bands of d-d transitions of Mn3+ ion in
spinel lattice and V4+ in in garnet lattice in octahedral coordinations have energies of 2.9 and 2.4 eV respec-
tively [36, 37]. But according to the work of Mitsushima et al. the levels of V4+ and Mn3+ are sitting 2.1 and
1.9 eV below Ec. So, it is not possible to observe d-d transitions for these ions and the bands which are observed
in the spectra of V- and Mn- doped samples can be attributed to the transition from the impurity level to Ec.
The experimental values which have been observed in this work are 1.8 eV for V-doped anatase and 1.9 eV for
Mn-doped anatase. The positions of the levels in the band gap of nanocrystalline TiO2 are provided on the Fig. 5.

The band at approximately 2.1 – 2.2 eV is also present in the spectra of all samples. It can be attributed to
the transition associated with the color center: F+ → F+∗ [18]. Sekiya et. al associates this band with Ti3+ d-d
transition [31]. And Mitsushima attributes this transition to intrinsic defect states in TiO2 [32]. So this band may
be assumed as one more defect-associated band in spectra of Mn- and V-doped samples.

The influence of doping on the photocatalytic properties of nanocrystalline TiO2 was studied in the reaction
of methyl orange decoloration. The first order constants of the decoloration reaction for pure and doped samples
are presented on the Fig. 6. We observe a significant decrease in the photocatalytic activity for all doped samples.
Chromium and vanadium are the dopants which most effectively suppress photocatalytic activity.

Also, photocatalytic activity decreases in presence of Mn and Fe-impurities. Photocatalytic activity sharply
drops in presence of very small impurity concentrations and then slightly increases in the Mn-doped series and
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FIG. 5. The positions of energy levels in the band gap of nanocrystalline TiO2 doped by ions of
3d-elements

FIG. 6. First order reaction constants of the decoloration of methyl orange for nanocrystalline
TiO2 doped by ions of 3d-elements

decreases in the Fe-doped series. The absorption curves of Fe- and Mn- doped samples with low dopant concen-
trations are very close to the absorption curve of undoped sample. One can conclude that there may be the factors
which influence photocatalytic activity in addition to the particle size, phase composition and optical properties.

So, if the structure and phase composition of doped by d-metal ions does not change in comparison with
undoped samples, photocatalytic activity is effectively suppressed due to defect levels. Thus, doping by cations
seems to be ineffective for developing materials with enhanced photocatalytic activity. Conversely, titanium oxide
with small defect concentration is the most promising photocatalyst. The modification of its properties by preparing
composites with metal particles and semiconductors indeed leads to the growth of photocatalytic activity [38, 39].

On the other hand, the ability of 3d-metal ions to suppress photocatalytic activity may be also useful for some
applications. For example, photocatalytic activity is not useful and even harmful in cosmetic pigments, paints,
plastic fillers. In this case reactive oxygen species, which are generated due to photocatalytic reactions damage
organic components of cosmetic, paint or plastic and doping by metal cations is effective way to prevent these
adverse effects. Iron as non-toxic impurity may be used in TiO2 cosmetic pigments to suppress their ability to
generate reactive oxygen species under sunlight. Such pigments may provide a non-toxic alternative to known
pigments like nanocrystalline cerium oxide doped by gadolinium [40].

4. Conclusions

The influence of doping on photocatalytic activity and in association with optical properties without interference
with the other factors was studied on the series of the samples of nanocrystalline TiO2 doped by Cr, Fe, V and
Mn with similar phase composition, surface area and coherent scattering region sizes. The impurities effectively
suppress photocatalytic activity of TiO2. TiO2-based materials with suppressed photocatalytic activity can be used
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as plastic fillers and cosmetic pigments because they will not generate active radicals under solar irradiation. UV-
Vis spectral analysis of the samples allowed us to determine the nature of the levels, which are formed in the band
gap. In case of all samples, we observe d-d transitions of Ti3+ ion and a transition from the color center to Ec. In
case of Cr- and Fe-doped samples, we observe d-d transitions of these ions and in the spectra of Mn- and V-doped
TiO2 the transitions from metal impurity level to Ec are present.
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