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Abstract: In this work, we primarily aimed to study the Nb(V) doping effect on the surface activity
and optical and electrical properties of nanocrystalline TiO, obtained through flame-spray pyrolysis.
Materials were characterized using X-ray diffraction, Raman spectroscopy and IR, UV and visible
spectroscopy. The mechanism of surface reaction with acetone was studied using in situ DRIFTs. It
was found that the TiO,-Nb-4 material demonstrated a higher conversion of acetone at a temperature
of 300 °C than pure TiO,, which was due to the presence of more active forms of chemisorbed oxygen,
as well as higher Lewis acidity of the surface. Conduction activation energies (Eact) were calculated
for thin films based on TiO,-Nb materials. The results of the MB photobleaching experiment showed a
non-monotonic change in the photocatalytic properties of materials with an increase in Nb(V) content,
which was caused by a combination of factors, such as specific surface area, phase composition,
concentration of charge carriers as well as their recombination due to lattice point defects.

Keywords: titanium dioxide; doping; pyrolysis; niobium; semiconductors; photocatalysis; optical
properties; surface activity; acetone

1. Introduction

Semiconductor nanocrystalline metal oxides are widely used as materials for catalysis.
These can either be materials for accelerating the chemical processes of synthesis or decom-
position [1,2] or materials for photobleaching dyes and purifying water following microbial
contamination [3,4]. Among advanced oxidation processes, the photocatalytic processes
are eco-friendly, inexpensive, long-lived and pollution-free [5]. Titanium dioxide has a
suitable band structure for photocatalysis, but its efficiency is limited by the optical band
gap (3.1-3.3 eV), which allows for using only about 4% of the intensity of sunlight radiation.
The quantum yield of photoconversion with TiO; is considered to be small and attempts
have been made at its improvement given the high degree of charge carrier recombination
and small specific surface [6]. Recent review articles emphasize the possibility of TiO, usage
for photocatalytic water splitting, wastewater treatment, air treatment and disinfection [5].
Moreover, in [7], an improved two-dimensional composite based on TiO, /MoS; showed
excellent results in the photodegradation of tetracycline, a persistent antibiotic released
into wastewater from livestock production, thanks to its excellent adsorption abilities, large
surface areas and effective charge-transfer ability.

Cation doping can promote the formation of suitable levels in the band gap of ma-
terials, thus helping to solve the above-mentioned problem. This can increase both the
concentration of free charge carriers and oxygen vacancies, which can be used to solve
difficulties in working with TiO, from a catalytic point of view [8,9]. The TiO,-Nb system is
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often discussed in the scientific literature because Nb(V) has a similar ionic radius to Ti(IV),
forming substitutional solid solutions in the range of up to 4 mole percent [10,11].

There are a number of techniques for the synthesis of nanosized semiconductor mate-
rials, such as sol-gel [12,13], solid-phase synthesis [14], a chemical method with calcina-
tion [15], flame-spray pyrolysis [16-18], etc. With the latter, it is possible to combine the
processes of synthesis and doping, as well as obtain particles with a spherical morphology
and narrow grain size distribution and achieve a uniform distribution of the dopant in the
volume and on the surface of the material [17].

Turning to literary sources, one can highlight both well-studied points and questions
left unanswered or mutually contradictory data. It has been shown that with an increase in
Nb content up to 5%, there is a decrease in resistivity from 5850 to 630 pQ)cm, an increase in
carrier density from 6.5 to 130-10!° cm 2 as well as a decrease in charge carrier mobility from
16.3 to 7.5 cm?V~!s~1 [19]. An increase in the concentration of surface oxygen vacancies,
which are adsorption centers, as well as a quantitative and qualitative change in the content
of surface oxygen forms involved in oxidation reactions have also been shown [17,20].
The mechanism of the oxidation reaction of VOCs on the surface of semiconductor oxides
was studied using the DRIFTs method [21], and acetone oxidation in particular with pure
TiO, [22]. However, the results obtained in these two studies cannot be compared because
the experiment was carried out under different conditions. Additionally, these and other
studies do not provide information on the effect of Nb doping on surface reactivity, so this
question remains open. It was shown that TiO,-Nb materials exhibited better photocatalytic
performance under ultraviolet exposure compared to pure TiO, material due to increased
energy conversion efficiency [23-25]. However, the practical application of such material
is delayed by rather diverse and sometimes contradictory reports. To date, the optimal
amount of the doping component Nb has not been unambiguously stated; for example,
values such as 0.1 and 2 mole percent, which differ by an order of magnitude, have been
declared [26-28]. Both an increase [26,27] and a decrease [29] in the band gap during
doping have been revealed. In some studies, Nb doping leads to a significant decrease in
the photocatalytic activity of TiO, for unknown reasons [30,31], though we can speculate
that those reasons may be different synthesis conditions affecting the concentration of point
defects, specific surface area and morphology. The effect of annealing in an oxygen-rich
environment on photocatalytic properties has been reported [32]; however, the specific
types of chemisorbed oxygen formed on the surface in this way have not yet been indicated.

Thus, the goal of our work was to carry out a comprehensive study of the effect of
doping TiO, with Nb(V) on the activity of the surface, using the DRIFTS method, and on
electrical properties, as well as determine the activation energy of conductivity, optical and
photocatalytic properties. The novelty of this work lies in the comprehensive approach we
took to generalizing the complex of effects that occur when TiO; is doped with Nb(V); for
instance, this is the first study to date to provide information on the acetone conversion
processes on the surface of pure and Nb(V)-doped TiO, nanocrystalline materials.

2. Materials and Methods

Materials based on TiO, containing 0, 1, 2 and 4 mol% Nb(V) were obtained through
flame-spray pyrolysis. Titanium (IV) triisostearoylisopropoxide (Gelest, Morrisville, PA, USA,
purity 90%) and niobium (V) 2-ethylhexanoate precursor (Gelest, 95% purity) were used as
precursors. The full methodology was described previously [17]. Materials collected manually
from a glass fiber filter (Sigma-Aldrich, St. Louis, MO, USA) were annealed in a furnace in an
air atmosphere at 500 °C for 24 h. The Nb content was verified using the X-ray fluorescence
method on an M1 Mistral micro-X-ray spectrometer (Bruker, Billerica, MA, USA) with a tube
voltage of 50 kV. The phase composition of the synthesized materials was established via XRD
and Raman spectroscopy. The samples were studied with X-ray diffraction using a Rigaku
D/MAX 2500 diffractometer with CuK 41, radiation (A = 1.5406 A) in the range of 5-100° 26
and with a step of 0.02°. The phase content ratio was determined using the Chung method [33].
Raman spectra were taken using an i-Raman Plus spectrometer (BW Tek, Plainsboro, NJ, USA)
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equipped with a BAC 151C microscope and 532 nm laser. IR spectra were recorded on a
Frontier (Perkin-Elmer, Waltham, MA, USA) Fourier transform infrared spectrometer in the
range 4000400 cm ! and with a step of 1 cm ™! in the transmission mode.

The specific surface area of the materials was measured with the low-temperature
nitrogen adsorption method; calculations were performed using the BET model. The
measurements were carried out in a single point mode on a Chemisorb 2750 instrument
(Micromeritics, Norcross, GA, USA) equipped with a thermal conductivity detector.

Diffuse reflectance spectra of materials obtained on a Lambda 950 spectrophotometer
(Perkin Elmer, Waltham, MA, USA) in the wavelength range from 250 nm to 2.5 pm and
with a step of 1 nm were converted into absorption spectra and rearranged in the Tauc
coordinates in accordance with Tauc and the Davis—Mott relation [34,35].

Thick films were obtained to determine the electrical properties of materials. A powder
suspension in a-terpineol was applied as a paste on the surface of a corundum plate
(2mm x 2mm x 0.15 mm) with platinum contacts for measuring resistance on one side
and for heating on the other. Line voltage was applied after each layer to remove the
solvent. The resulting films were annealed at 500 °C for 12 h. The electrical conductivity
was measured in a stabilized voltage mode (U =1 V) in a 100 mL flow-through cell.

The mechanism of interaction of the surface of pure TiO, material, as well as doped
TiO,-Nb-4, with acetone vapor (20 ppm) in dry air (RH = 0%) was studied via diffusion
reflectance infrared spectroscopy (DRIFT) under in situ conditions. IR spectra were recorded on
a Frontier spectrometer (Perkin Elmer, Waltham, MA, USA) with a diffuse reflection attachment
and an HC900 flow gas chamber (Pike Technologies, Madison, WI, USA), with a sealed ZnSe
window. The spectra were recorded in the wavenumber range of 10004000 cm ! and with a
resolution of 4 cm ™!, over 30 scans in a flow of test gas or clean air (100 mL-min~!). A weighed
portion of the sample powder = 40 mg was placed in Al,Os crucibles with a diameter of 5 mm.
Before measurement, the sample was heated in a stream of clean air at a temperature of 500 °C
for 30 min to remove adsorbed impurities.

A series of experiments was performed to determine the photocatalytic properties
(PC) of the synthesized materials, during which 80 mL of methylene blue (MB) solution
(0.01 g-L~1) with TiO, nanopowder (0.2 g L) was constantly exposed to ultraviolet
light (A = 365 nm, I = 100 mA, luminous flux intensity 20 + 2 mWcm2). Mass transfer
of the solution was carried out into a cuvette to take in the spectrum (Ocean Optics
4000 spectrometer, Dunedin, FL, USA), to obtain the values of optical density, and the
solution was automatically returned to a cooled quartz reactor. The flow rate of the
peristaltic pump was 0.08 L-min~!. A phosphate buffer solution (pH = 7.5) was used to
achieve constant pH values. The concentration of MB was calculated according to the
Bouguer-Lambert—Beer law from the absorption spectra of the solution.

3. Results and Discussion

The diffraction patterns of all materials contain reflections of the anatase and rutile
phases only (shown in Figure 1). The shift of the diffraction maxima occurs due to an
increase in the parameters of the unit cells of the phases, due to the formation of substi-
tutional solid solutions (the niobium cation has a larger ionic radius than the titanium
cation; 0.640 and 0.605 A, respectively). The unit cell parameters of the anatase and rutile
phases were refined using several of the most intense reflections that do not overlap with
reflections from the germanium standard. The obtained values correlated well with the
values calculated using Vegard’s law. Linear dependences of the interplanar distances of
the anatase and rutile TiO, phases on the niobium content for the materials and parameters
(a, ¢) are presented (Figure Sla—c).

The main characteristics of the materials are presented in Table 1. It is shown that
niobium stabilizes the anatase phase, monotonically increases the specific surface area,
and leads to an increase in the unit cell parameters [15]. The content of niobium specified
during the synthesis correlates well with the real content determined using the XRF method.
With an increase in the content of niobium, there is no monotonic decrease in the grain
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size that can be associated with an increase in the energy of the particle surface. For more
detailed information, you can refer to our previous publications [17] and see the XP spectra
(Figures S2 and S3 in Supplementary Materials), as well as the TEM microphotographs and
histograms of the normal distribution (Figures S4 and S5 in Supplementary Materials).
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Figure 1. X-ray diffraction patterns of TiO,-Nb materials. Adapted from [17] with permission from
John Wiley and Sons.

Table 1. Characteristics of the materials. Adapted from [17] with permission from John Wiley and Sons.

Material xxrr (Nb) xxps (Nb) dxgp + 2 [nm] Normal Particle Size Anatase/ Sspecs Agglomer. Degree, Ogure/
ateria [mol%] [mol%]  Anatase  Ruatile  Distribution (TEM, nm)  Rutile Ratio m?/g dger/dxrp Olatt (xps)
TiO, 0 0 21 23 14+7 6.9 34+2 2.1 0.14

TiO,-Nb-1 1.3+£0.1 0.7 21 26 - 8.7 41+3 1.7 0.19
TiO,-Nb-2 24+02 1.6 20 28 - 12.0 49+ 3 14 0.20
TiO,-Nb-4 47 +04 3.4 21 26 13+5 12.7 66 +5 1.0 0.21

FTIR spectra of a series of TiO,-Nb (0, 1, 2, 4 mol%) materials are shown in Figure 2.
All spectra demonstrate a broad absorption band centered at 3440 cm !, which is related to
symmetric and asymmetric stretching vibrations of families of bridging hydroxyls associ-
ated via hydrogen bonds [36-39]. The presence of absorption bands at 1644 and 1540 cm !
can be attributed to deformation vibrations of water molecules on the adsorption centers of
the surfaces of materials such as coordinatively unsaturated titanium and niobium ions, as
well as oxygen vacancies [36-39]. All spectra are dominated by a broad band at 680 cm 1,
characteristic of TiO,, which is attributed to symmetric stretching vibrations of the Ti-O-Ti
bridges in slightly distorted TiOg octahedra linked by common vertices [40]. The intensity
of the weak band at 950 cm ™! increases with increasing niobium content in doped materi-
als, and its presence can be attributed to the symmetric stretching mode of O=Nb surface
groups, which are present in the most strongly distorted octahedral structures [41].
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Figure 2. IR transmission spectra of pure and Nb-doped TiO; samples.
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Raman spectra were recorded to confirm the phase composition and to reveal in
more detail the effect of doping (Figure 3). All spectra contain the following Raman modes:
E; (132, 188, 631 cm™!), corresponding to symmetric stretching vibrations O-Ti-O;
Big (~388 cm™1); as well as Azg + Big (~508 cm 1), characteristic of the anatase phase [42].
Mode Byg corresponds to symmetric bending vibrations O-Ti-O, and mode Ajg corre-
sponds to antisymmetric bending vibrations O-Ti—O [43]. The presence of an intense mode
at 132 cm~! (the characteristic mode of anatase vibrations) indicates that TiO, nanocrystals
have a certain degree of long-range order, being well-crystallized [44,45]. The modes of the
rutile phase Eg and Ajg (~506 and 615 cm~!, respectively) are weakly expressed due to its
small fraction [46]. A red shift of the modes of the anatase phase is observed in connection
with an increase in the unit cell parameters due to doping with Nb, which monotonically
increases with an increase in the content of niobium in the materials (inserts 1 and 2 of
Figure 3). The results of calculating the full width at half-heights of the maximum of the
most intense anatase mode Eg confirm this conclusion: a monotonic increase is observed
(17.10 cm~! for TiO,, 17.97 cm~! for TiO,-Nb-1, 18.21 cm~! for TiO,-Nb-2 and 19.70 cm !
for TiO,-Nb-4, £0.05 cm ™). The redshift of the E; modes during doping is a consequence
of an increase in the concentration of point defects—charged oxygen vacancies [47].

panatase Increasing niobium content N
9 Elmil:
9

Ar':mw

11

90 100 110 120 130 140 150 160 170 180
Raman shift (cm™') —_——e e
350 400 450 500 550 600 650 70O
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TIO,Nb4 Y e .
TiONb2 . o~ N
TiO,-Nb-1 A
T A~ N
160 260 360 460 560 660 700
Raman shift (cm™)

anatase
EQ

Raman intensity (a.u.)

Figure 3. Raman spectra of pure and doped (Nb) TiO;, samples. Insets 1 and 2—enlarged areas of
spectrum regions.

3.1. Study of Optical Properties

The diffuse reflectance spectra of the materials are presented in Figure 4 and show
the average spectral reflectivity of samples in the NUV (0.25-0.4 pm), visible (0.4-0.8 pm)
and NIR (0.8-2.5 um) ranges, respectively. Undoped TiO, material is highly reflective,
reflecting about 90% of visible and near-infrared radiation. Doping with Nb(V) leads to
an increase in absorption in the visible and IR wavelength range. The authors of [48]
observed a similar phenomenon for TiO, doped with Nb in the range of 1900-2700 nm,
which was associated with a broad plasmon resonance peak due to free electrons. The
plasmon resonance peak can have a different shape and position; we associate absorption
in the IR region up to 2500 nm with absorption on free charge carriers—electrons, which is
most notable for doped materials. Since the method of drawing tangents in the coordinates
of the Tauc plot (Figure S6) is not entirely accurate, we also analyzed the differential diffuse
reflectance spectra of the materials (Figure 5 and Figure S7) to determine the values of
optical transitions. The obtained energy values of optical transitions are listed in Table 2.

It was found that doping does not affect the band gaps of the phases. The values of two
optical transitions with energies of approximately 3.10 eV and 3.33 eV obtained regardless
of the analysis method used can be attributed to the band gap of TiO, phases, which refers
to the indirect transitions allowed from the edge of the Brillouin zone to its center, namely
Xia/X1p = I'1p and I's — Xy, respectively, of the rutile and anatase phases of TiO, [49,50].
The weakly expressed extra peak in the region of 3.6 eV the authors of the [51] associate
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1

Reflectance (%)

with the presence of a minor amount of amorphous phase. In addition to the fundamental
value of the edge of the absorption band, an extra peak can be detected in the visible
light reflection for the Nb-doped TiO, samples. We attribute this to the appearance of a
niobium cation at Ti-site Nb; [52]. Khomenko et al. [53] also observed weak absorption
bands between 2.3 eV and 2.9 eV, and they assigned them to d—d transitions associated with

Ti3* localized states.
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Figure 4. Diffuse reflectance spectra of materials (A). Absorption spectra in the region near the edge

of the absorption band (B).
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Figure 5. Diffuse reflectance spectra of TiO, and TiO,-Nb-4 materials in differential form.

Table 2. Energies of optical transitions of materials.

Optical Transition (eV) TiO, TiO,-Nb-1 TiO,-Nb-2 TiO,-Nb-4
E1 (amorph) 3.66 £ 0.01 3.63 £0.01 3.64 £0.01 3.63 £ 0.01

E2 (anatase) 3.32 £0.02 3.33 £0.02 3.33 £0.02 3.33 £0.02

E3 (rutile) 3.06 £ 0.04 3.10 £+ 0.04 3.11 £0.04 3.10 £ 0.04

E4 (donor level) - 2.83 £ 0.05 2.83 £ 0.05 2.83 £ 0.05

As was demonstrated in our previous article [20], during XRD and paramagnetic
resonance spectroscopy, Nb(V) doping leads to the formation of substitution-type solid
solutions according to the quasi-chemical Equation (1):

- : 1
Nb;0s =3 2Nbi; +2¢ + 405 + 50,

)

So, the position of the energy donor level associated with Nb(V) doping can be
established as 2.83 4= 0.05 eV relative to the valence band top.
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3.2. Study of Electrical Properties

The temperature dependences of the resistance of thick TiO,-Nb films were obtained
in the temperature range of 200-500 °C (Figure 6).

10"
C 10°;
o
(14
\ TiO,
10% TiO,-Nb-1
TiO,-Nb-2
by TiO,-Nb-4
10"

1.2 ) 1j3 ) 1f4 ) 1?5 ) 1T6 ) 1:7 ) 1:8 ) 1?9 ) 2f0
1000/T, K™

Figure 6. Dependences of the resistance value of materials in air on temperature in linear coordinates.

Despite the abovementioned formation of a significant number of acceptor defects
during doping, the resistance of materials decreases upon Nb introduction. The temperature
dependence of the resistance of pure TiO; is linearized in IgR vs. 1/T coordinates, which
indicates the activation character of the conductivity. The value of the activation energy of
the conductivity, determined in the range of 300-500 °C, is 0.9 & 0.03 eV, which is somewhat
higher than the value determined in [54], which was 0.65 eV for an undoped thin film. The
difference is due to a different phase ratio and synthesis method (Table 1). For TiO,-Nb
samples, two linear parts can be distinguished in the high-temperature (280-500 °C) and
low-temperature (200280 °C) ranges (Figure 6). An increase in the niobium content leads
to a decrease in the activation energy of conductivity in both temperature ranges (Table 3).

Table 3. The values of conductivity activation energies E,. for two linear sections of Figure 6.

. Eact, eV
Material 280-500 °C 200-280 °C
TiO, 0.90 = 0.03 -
TiO-Nb-1 0.75 + 0.01 0.62 + 0.02
TiO,-Nb-2 0.75 + 0.01 0.58 = 0.01
TiOy-Nb-4 0.68 = 0.03 0.40 + 0.01

This effect can be explained using a model of an inhomogeneous semiconductor with
large-scale potential fluctuations, which consists of smooth bands’ bending with the for-
mation of random potential barriers [53,54]. The movement of an electron is impossible in
the modulated zone if its energy is below the mobility threshold (percolation level), which is
determined by the potential relief. Thus, the energy determined from the temperature depen-
dences of conductivity is the activation energy of carriers from the Fermi level to the mobility
threshold level. The concentration of charge carriers during Nb(V) doping increases; that leads
to an increase in the Fermi level position and, accordingly, to a decrease in the activation energy,
which is manifested in the low-temperature part of the activation dependence.

The gap between the conduction band and the states of oxygen vacancies determined
in [55] was 0.75-1.18 eV for partially reduced TiO,. Oxygen vacancy states in anatase TiO,
were determined to be located 2.02-2.45 eV above the valence band, which is consistent with
the data in [54] and ours (0.9 eV for undoped TiO;). As the niobium concentration increases,
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the activation energy decreases monotonically to 0.4 eV for the TiO,-Nb-4 material due to
the formation of donor levels. In this case, there is no switching from the semiconductor
type of conductivity to the metallic one due to the formation of charge traps (oxygen
vacancies that localize conduction electrons on themselves), as we established in a previous
article reporting our EPR study [20].

3.3. Conducting a Photocatalytic Experiment

Photocatalytic decolorization of methylene blue was carried out using the setup shown
in Figure 7.

A Personal
computer
=

Spectrometer
e o mm | Ocean Optics 4000

Box

cuvette AN

@ @ Optical fiber @
=

Stirred reactor L 4 Peristaltic pump
Pulsed Xe-lamp

Light-emitting i |
diode U U-shaped

Figure 7. Scheme of the setup for conducting a photocatalytic experiment.

The absorption spectrum (Figure S8) contains a band at 660-670 nm (the coordinate
may vary depending on the pH of the solution) corresponding to the n-n* transition (n is
a free doublet at the nitrogen atom of the C=N bond and a free doublet of the S atom at
the S=C bond). Figure 8A shows the photodegradation curves, from which it follows that
MB weakly photodegrades even without a photocatalyst. The introduction of pure TiO,
accelerates the process. It is shown that the introduction of niobium leads to a significant
increase in the photocatalytic properties of TiO,-Nb-1 and slight increases in those of
TiO7-Nb-2 and TiO,-Nb-4. In order to give a more accurate assessment of the kinetics of the
processes, photodegradation curves were plotted (Figure 8B) with the coordinates In(C, /C)
and time, for linearization, assuming that these reactions are of the first order, and the
kinetic characteristics listed in Table 4 were calculated.

06] = Tio,
» TiO,-Nb-1 Pl <
0.5{ @ TiONb-2 6’ B
v TiO,-Nb-4 [
o 04
o Qe L]
Q O 03
o c
= 0.2
0.1
0.0
0 30 60 90 120 150 180
Time (min)

Figure 8. (A) Kinetic curves of methylene blue photobleaching in the presence of pure TiO; and
Nb—doped TiO; photocatalysts, (B) same curves plotted in logarithmic coordinates.
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Table 4. Kinetic parameters of the photodegradation process.

Material @ Slope x 103 @ Ki/Kyv ® t, = In2/k;
only UV 0.97 + 0.02 - 715
TiO, 2.08 £ 0.12 2.15 333
TiO,-Nb-1 2,93 +0.17 2.99 237
TiO,-Nb-2 2.02 +0.12 2.08 343
TiO,-Nb-4 2.22 +0.16 2.28 312

@ The slope of the dependences in the linear coordinates of Figure 8B is the rate constant of the photobleaching
reaction. @ The ratio of the reaction constants with a catalyst to the reaction constant without it shows how many
times faster the reaction is. ® Half-conversion time calculated from the reaction rate value.

It follows that the TiO,-Nb-1 material exhibits the highest photocatalytic activity,
speeding up the photodegradation process by three times. First, this directly follows from
the optical properties of the material—the appearance of a donor level, as well as the highest
absorption in the IR region, indicating absorption on free charge carriers involved in the
photocatalysis process. Secondly, the nonmonotonicity of the change in the PC activity
with an increase in the niobium content indicates that such an important characteristic as
the specific surface area plays a minor role in increasing the PC properties of materials.
Thirdly, based on the data of Raman spectroscopy, the red shift of Eg; modes upon doping
is a consequence of an increase in the concentration of point defects—charged oxygen
vacancies. Additional conduction electrons are also formed, reducing electrical resistance
to maintain overall electrical neutrality. It can be assumed that the electron traps formed
during doping will contribute to a decrease in the PC activity, as evidenced by the low PC
characteristics of the TiO»-Nb-2 and TiO,-Nb-4 materials. Comparative characterization of
the photocatalytic properties of doped TiO, is shown in Table 5. This reveals that materials
based on Nb(V)-doped TiO, discussed in our article are not inferior in photocatalytic
parameters to those mentioned in other works.

Table 5. Comparative characterization of the photocatalytic properties of doped TiO;.

Material, Synthesis Method, ) Degradation Value o1
Morphology and Concentration K, min (per Time, % min—1) Stability Data Model Dye Ref.
Slight reduction in
TiO,-Nb-C, sol—gel, 30 & 2 nm, 4 o . the degree of Rhodamine B
spherical (25 mgL~1) 3.0-40>10 20% per 90 min photobleaching after (2mgL™1) [56]
five cycles
TiO,-Nb-1, hydrothermal Rhodamine B
synthesis, nanorods up to 1 pm Not mentioned 50% per 50 min~! Not mentioned (20 ppm) [57]
(1000 mgL~1) pp
TiO,-Nb-1, coprecipitation, 9 nm, . o .1 . Methylene blue
spherical (0.17 gL’l) Not mentioned 70% per 60 min Not mentioned (10 umol) [58]
TiO;:1 at.% Nb, one-step FSS, _3 o .1 . Methylene blue
30 nm (0.4 mg cm) 2.0 x 10 20% per 200 min Not mentioned (5.13 X 10-5 M) [11]
TiO;:5 at.% Nb, sol-gel, 500 nm Methvl orange
agglomerates, spherical 2.8 x 1073 15% per 60 min~! Not mentioned 1 Y L,lg [59]
(concentration is not specified) (10 mgL™")
Slight reduction in
TiO,-Nb-1, FSP, 20 + 2 nm, _3 o .1 the degree of Methylene blue .
spherical (0.2 gL ™) 293 £0.17 %10 40% per 180 min photobleaching after (0.01 gL This work

five cycles

For a stability study (Figure 9), the catalyst precipitate was separated from the solution
via centrifugation at the end of each cycle, washed with buffer solution and used in subse-
quent cycles. The results demonstrate that Nb(V)-doped TiO, does not lose its photocatalytic
activity after five successive cycles of methylene blue photobleaching. A slight decrease in
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photocatalytic activity may be due to loss of catalyst during washing and the adhesion of dye
molecules on the surface of the photocatalyst. To improve the stability of Nb(V)-doped TiO,
photocatalytic activity, it is recommended that the catalyst should be washed with alcohol or
acetone rather than with water or it should be annealed in a furnace.

0.5

{ TiO,-Nb-1
Stability study

T T ¥: T T S T

0 20 40 60 80 100 120
Time (min)

Figure 9. Comparison of TiO,-Nb-1 photocatalytic activity in 5 consecutive photobleaching cycles.

3.4. Study of Catalytic Properties of Materials

In our previous work [20], it was found that an increase in the Nb(V) concentration
leads to an increase in the TiO, sensor response when detecting the volatile organic com-
pounds (VOCs), especially in the case of acetone. To determine the cause of this effect,
the processes responsible for the sensor response during the interaction of pure TiO; and
TiO,-Nb4 were investigated in situ using the DRIFT method.

Absorption spectra taken during exposure to acetone vapor, reflecting ongoing adsorp-
tion processes and its chemical transformations on the surface of pure TiO, and TiO,-Nb-4,
are shown in Figure 10.

L X M
A, 83 25 27\, I8
28 \ -
& NN 113 min Ny »
1 I
3 : . 43min
© : A—
g Y I
Q ' [ 33 min
5 ] A
£ w '
o ! " 23 min
7] | A
o [ il
< ] " 18 min
' H 13 min
——— o
i ) 8 min
T T
T T T T T T T T J \J 1
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

Wavenumber, cm™'

Figure 10. In situ DRIFT spectra taken during signal accumulation (adsorption of 20 ppm acetone
and surface reaction processes) (A) for pure and (B) modified TiO,-Nb-4.

First of all, the adsorption of acetone is realized by passing its vapor over the same
catalytic and adsorption centers of the material surface for which OH groups compete (oxygen
vacancies, coordinatively unsaturated metal cations), in accordance with Equation (2):

CH3;COCH;3; — CH3COCH3(adS) (2)
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This is confirmed by a monotonous decrease in absorption in the spectral region of
3400-3900 cm ! v (OH) during the experiment and the appearance of a weak band with a
frequency of 1675 cm !, which corresponds to the stretching vibration of the C=O bond,
bands v(C-H) at 2880 and 2955 cm !, as well as & (CH3) at 1445 cm ™! of acetone adsorbed
in molecular form [37]. Since the selected temperature T = 300 °C is the condition for
the formation of the maximum sensor response for the previously obtained dependences
S(T) (see [20]), in the spectra (Figure 9), we can observe the appearance of bond bands
corresponding to the products of the surface reaction of acetone with chemisorbed forms of
oxygen. This reaction causes a change in the electrical resistance of materials, such as Vs
and vs (COO™) at 1540 and 1355 cm ™1, respectively, and §(H,0) at 1615 cm ™! [37]. Weak
absorption bands at k = 1855, 1780 and 1730 cm ! are clearly related to adsorbed acetone
intermediates [22,37,60-62].

According to [63], as well as [37], absorption bands in this region can be attributed
to symmetrical and asymmetrical stretching vibrations of the C=O group of anhydrides.
Based on the ratio of the intensities of the bands 1855 (weak, symmetric vibration) and
1730 cm ™! (stronger, asymmetric vibration), it can be assumed that the anhydride is present
in the cyclic form [63]. There are catalytic centers on the surface of titanium dioxide,
and at elevated temperatures, processes of aldol condensation, acetylation, cyclization,
dehydrogenation and dehydration of such a chemically active molecule as acetone can
occur on them. These bands are weak, and, therefore, they reflect the occurrence of a
parallel, non-predominant course of the reaction. The main path is oxidation through the
formation of acetates with their further complete oxidation to carbon dioxide and water,
which is consistent with previous results [21].

It should be mentioned that in [22], the process of formation of the intermediate
mesityl oxide under standard conditions (room temperature) on the surface of titanium
dioxide, as well as in solution with the participation of a catalyst containing a catalytic
AIP* center, was considered [61,62], and convincing evidence was given. However, in our
case, the formation of this molecule did not occur, probably since there was a discrepancy
between the absorption bands of the (tabular) groups of mesityl oxide and the absorption
bands in our spectra.

It seems possible to conduct a comparative analysis of the intensities of the IR profile
bands of the TiO; and TiO,-Nb-4 materials since the experimental conditions were identical.
Selected comparative absorption spectra for the two materials are shown in Figure 11.

A B
3
= _
5T 0.02
g | 002
& TiO,
£ )
) TiO,-Nb-4
w ]
=}
<

T T T T T 1 T T T T T 1
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
Wavenumber, cm™

Figure 11. In situ DRIFT spectra for pure and modified TiO,-Nb-4 taken during signal accumulation
((A)—23 min and (B)—43 min since the beginning of the experiment).

It was shown that signal accumulation for pure TiO, material occurred relatively faster
than for the TiO,-Nb-4 material, which was associated with the surface reactivity and
conversion degree.

Absorption spectra taken during exposure to clean air (RH = 0%) in order to release
adsorption centers are presented in Figure 12.
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Figure 12. In situ DRIFT spectra of TiO, and TiO,-Nb-4 taken during the passage of clean air at
RH = 0% and T = 300-500 °C (A-E).

We sought to achieve the most complete removal of intermediates from the adsorption
centers on the surface of materials during this experiment; therefore, we carried out
the process in a dynamic temperature regime, gradually heating the materials to 500 °C
(temperature step, 50 °C; holding time for one stage, 20 min). The appearance of additional
broadened absorption bands was clear (for example, in the region of k = 3000-3500 cm 1)
This was associated with the transfer of charge carriers (electrons from the valence band to
the conduction band), which received additional energy with increasing temperature.

Partial oxidation products and adsorbed intermediates on the surface of pure TiO;
are most completely removed from adsorption centers at temperatures above T = 400 °C,
as evidenced by a significant decrease in absorption in the region k = 1730-1855 cm~!.
The maximum possible desorption (conversion) is realized at T = 500 °C. The splitting
of the absorption band in the region k = 3500-3800 cm ! into several bands indicates the
presence of different types of OH groups on the surface of materials—terminal (closer to
3700 cm~ 1), bridging (bands are shifted to lower wave numbers) and others. In support of
this, previous articles [64,65] claim that at least 12 types of hydroxyl groups exist on the
surface of titanium dioxide.

For greater clarity, the combined data in Figures 9-11, reflecting the dynamics of
changes in the absorption of bands attributed to vibrations of the bonds of the OH and
COO™ groups, are presented in Figure 13.

B 0.16 _ ) 043 &
v(O-H) v,,(CO07) v,,(C00™) —TiO, S(CH,)
—T0 oz ——TiO,-Nb-4 %12
0.00 —To. 0.14 i0,Nb:
TiO,Nb-4 011
0.10

bl 0.10

: 2 0.09
3 =1
) 0.08 5

A ® 0.10 0.08
@ @

e 0.06 2 0.07
®© o o

8 Soo0s ot
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Figure 13. Dynamics of changes in the absorption of bands of (A) OH™ and COO™~ groups upon
exposure to 20 ppm acetone (T = 300 °C, RH = 0%); (B) CH3 and COO™ groups during exposure to
clean air (RH = 0%, duration of one temperature stage = 30 min).

The absorption of the acetate group-band increases faster for pure TiO, material than
for TiO,-Nb-4 material at the stage of signal accumulation (adsorption) and decreases for
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OH™ groups. If this process were realized at room temperature, or temperatures much
lower than the temperature at which the sensory signal occurs, then an assumption would
be made about the number of adsorption sites for the material. In this case, this is not
a consequence of more efficient adsorption of acetone on the surface due to the high
temperature of the experiment, and the surface reaction for the TiO,-Nb-4 material with
chemisorbed oxygen occurs quite quickly. The conversion of acetone and the removal of
intermediates from adsorption sites occurs much more quickly (and at a lower temperature)
in the case of the TiO,-Nb-4 material, which will affect sensor characteristics of the material
such as response/recovery time and sensor signal magnitude, as well as the optimal
temperature for the formation of a sensor signal.

To discuss the results obtained, we turn to two complementary concepts. The first comes
down to the fact that on the surface of a semiconductor oxide, there is always chemisorbed
oxygen in one form or another, which localizes the electron density on itself. Doping can
contribute to a change in the total amount of chemisorbed oxygen, as well as affect the
predominant charge form of its occurrence. Previously, the authors of [17] determined the
values of the coefficient m, which, in accordance with the theory described in [66], indicate
the probabilistic presence of various forms of chemisorbed oxygen (O>~, O~ and O, ) on the
surface of n-type semiconductor oxides. The values of the calculated coefficient m, obtained
from the dependences of electrical conductivity on the partial pressure of oxygen, are m = 0.26
and 0.64, respectively, for TiO, and TiO,-Nb-4 materials at a sensor operating temperature of
300 °C [17].

Thus, the most probable form of chemisorbed oxygen for an undoped material is O%~,
and they are O~ and O, (predominantly O~) for the TiO,-Nb-4 material. The O?~ form is
a less electrophilic particle, which will contribute to a less intense conversion of the target
gas on the surface of the semiconductor. In addition, the same work showed a tendency for
the proportion of chemisorbed oxygen to increase with increasing Nb content. The authors
attributed this mainly to an increase in the specific surface area during doping.

It follows [20] that large values of the sensor signal S towards acetone (the formula
contains the values of the resistance of the material in air and during exposure to acetone)
are observed for Nb-doped material, with a tendency to shift the maximum of the sensor
signal to the region of lower temperatures, which is a consequence of the oxidation reac-
tions with more active forms O~ and O, as well as the higher content of the fraction of
chemisorbed oxygen in general.

On the other hand, the adsorption of acetone on the surface of semiconductor oxides
depends on the Lewis acidity of the surface of the materials. The oxygen atom in the
acetone molecule has lone electron pairs that tend to bind to acid sites (metal cations with
vacant orbitals). The inclusion of Nb in the Ti sublattice affects the acidity of the surface,
since, based on acidity theory, Nb®* is more acidic than Ti**. The acidity values of ions
based on Sanderson’s concept of electronegativity were determined to be 3.046 and 3.895 for
TiO, and Nb,Os, respectively [67]. Thus, doping with niobium promotes a greater affinity
of acetone for the surface of the material, which also affects the degree of conversion.

So, it should be noted that the photocatalytic activity of Nb-doped TiO, in methylene
blue photobleaching and the catalytic activity in acetone oxidation depend differently on
the Nb(V) concentration in TiO;. It has been shown that Nb(V)-doping non-monotonically
affects the efficiency of photocatalytic discoloration of methylene blue. In this case, the
TiO,-Nb-1 material shows comparatively better performance. A further increase in Nb(V)
concentration leads to the enhancement of acceptor defectivity and decreases the photo-
catalytic activity. On the contrary, in acetone conversion, TiO,-Nb-4 material shows the
best characteristics. In this case, the determining factor is the acidity of the surface and the
formation of more active forms of oxygen. These parameters have monotonic dependence
on the Nb(V) content. The reproducibility of material properties has been shown in this
article (stability study), as well as in our article about sensor properties [20]. We propose
that materials based on niobium-doped titanium dioxide exhibit stable sensor signals and
do not change their parameters even during long-term measurements.
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4. Conclusions

This work has showed the effect of doping with niobium(V) on the electrical and
optical properties of titanium dioxide, which makes this material more attractive for
practical applications, for example, for photocatalysis, as was shown in this work, or for gas
sensors. It has been shown through Raman and optical spectroscopy that the introduction
of niobium (up to 4 mol%) into the TiO, structure leads to an increase in the concentration
of point defects such as oxygen vacancies. Other crystalline phases do not form during
synthesis via flame-spray pyrolysis, and the grain size of the anatase and rutile TiO, phases
is maintained at the nanoscale level. Multiple increases in the photocatalytic properties
during doping, observed for the TiO,-Nb-1 material, occur mainly due to the formation
of donor levels in the optical band gap of the semiconductor, an increase in the specific
surface area and, most importantly, release of conduction electrons. A further increase
in the content of niobium does not lead to an increase in the photocatalytic properties of
the material, presumably due to the formation of electron traps (oxygen vacancies of a
different type), which localize conduction electrons on themselves. In addition, there is a
small probability of a shielding effect arising from the presence of Nb,Os on the surface of
TiO,-Nb-2 and TiO,-Nb-4 materials in ultra-small quantities that are not visible in X-ray
diffraction patterns. It has been established that the TiO,-Nb-4 material exhibits greater
reactivity during the conversion of acetone at a temperature of 300 °C at the solid—gas
interface compared to the undoped TiO, material due to the presence of more active
forms of chemisorbed oxygen on the surface and high surface acidity. Since the process
of photocatalysis of the dye in solution and the process of oxidation of acetone in the gas
phase occur via different mechanisms, in the first case, the established optimal niobium
content is 1 mol% and, in the second, it is 4 mol%.
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values of unit cell parameters of TiO, rutile phase during doping with Nb(V), Figure S2: Review XP
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