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Nanocrystalline (4-5 nm) N-doped mesoporous TiO, (anatase and brookite) with N atoms in interstitial positions and a high specific
surface area was prepared using hydrazine treatment and calcination in a flow of N,.

Nanocrystalline titanium oxide is an attractive material for the
photocatalytic purification of water and air to remove organic
pollutants.! However, pure TiO, exhibits high photocatalytic
activity only under UV-light illumination.? For this reason, arti-
ficial light sources such as Hg lamps are required in water and air
purification systems. The doping of TiO, with metals’>'# and
nonmetals'>~2! changes the optical properties of TiO,, and it may
reveal photocatalytic activity under sunlight illumination.

According to published data, nitrogen is one of the most
promising dopants for TiO,, and it can raise the photocatalytic
activity under sunlight by one order of magnitude.!> Nitrogen
atoms can be introduced into TiO, by different methods such as
heating in an NH; flow at 1200'¢ or 450-600°C'7!® and micro-
wave treatment in urea solution.'® However, these two approaches
lead to an increase in the particle size; hence, the nanocrystalline
TiO, powders do not retain their initial structure. Li et al.? have
suggested another method of introducing N atoms, which includes
the treatment of titanium dioxide by hydrazine with the sub-
sequent calcination under mild conditions. Heat treatment at a
low temperature allowed one to avoid the coarsening of TiO,
particles. Here, we have applied this method to prepare N-doped
nanocrystalline mesoporous titanium dioxide.

Mesoporous titanium dioxide with a disordered porous struc-
ture was prepared according to a published procedure.?! At the
first step, the hydrolysis of titanium(1V) isopropoxide (Aldrich,
97%) was performed in an aqueous solution containing Pluronic
P123 block copolymer (Aldrich, 95%), HNO; and NH,F (Sigma-
Aldrich, 98%). The composition of the resulting mixture was
1 Ti(OPr'),:0.016 P123: 14.79 HNO;: 0.01 NH,F : 164.35 H,O.
The white suspension formed after adding titanium isopropoxide
was sonicated in an ultrasonic bath for 30 min and additionally
stirred for 72 h at room temperature. Then, the precipitate was
centrifuged and washed several times with deionized water and
ethanol and dried in air. The sample was divided into two equal
parts. One half was taken to remove a template by Soxhlet extrac-
tion using ethanol for 8 h. Then, both parts were calcined at 180°C in
an O, flow for 3 h. The samples were denoted as SE-180 (Soxhlet
extraction) and OC-180 (calcined in oxygen). Both samples were
soaked in hydrazine hydrate (Aldrich, 98%), dried in air and
heated in an N, flow for 3 h at 180 and 250 °C. The samples were
denoted as OCH_T and SEH_T, respectively, where T is calcina-
tion temperature.
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The samples were characterized by X-ray powder diffraction
(XRD, Rigaku D/MAX 2500 with a rotating copper anode in a
26 range of 10-60°), silicon powder was used as an internal
standard. To analyze coherent scattering domain (CSD) sizes,
the profile analysis of XRD patterns was performed. Specific
surface areas and pore size distributions were analyzed by N,
sorption at 77 K (Quantachrome Nova 4200e); the isotherms were
treated using BET and BJH models. The positions and concentra-
tions of N atoms in TiO, were determined by XPS (Kratos AXIS
Ultra DLD spectrometer, AIK, and MgK,, irradiation) and ESR
(Bruker ELEXSY'S 500 spectrometer; working frequency 9.5 GHz;
Xenon lamp with a UV radiation intensity of 35 mW c¢cm™ was
used as an excitation light source), respectively.

The samples OC-180 and SE-180, which were used as starting
materials, were studied by nitrogen sorption at 77 K and XRD
(Table 1). Both samples have high specific surface areas and
contain pores with an average radius of 1.7 nm and narrow size
distribution. According to XRD data, the pore walls consist of
nanocrystalline anatase and brookite phases with CSD sizes of 5
and 4-5 nm, respectively. The phase composition corresponded
to 90% anatase and 10% brookite in the sample OC-180 and
60% anatase and 40% brookite in SE-180. Thus, Soxhlet extrac-
tion by ethanol can influence the phase composition of nanocrys-
talline TiO,.We suggest that ethanol can modify the composition

Table 1 Characteristics of mesoporous N-doped TiO, according to low-
temperature nitrogen sorption and XRD.

Specific Average .
Pore . Phase com-
surface pore CSD size/nm .-
Sample volume/ . position (%)
area/ 3 1 radius/  (+1 nm)
m?g! cm- g nm (£10%)
anatase 5 90
0OC-180 280 0.36 1.7 brookite 4 10
anatase 5 70
OCH-180 240 0.34 1.7 brookite 4 30
anatase 5 60
OCH-250 200 0.30 1.7 brookite 5 40
anatase 5 60
SE-180 270 0.34 1.7 brookite 5 40
anatase 5 50
SEH-180 230 0.31 1.7 brookite 4 50
anatase 5 60
SEH-250 190 0.31 1.9 brookite 5 40
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and structure of the amorphous phase, which may be present in
as-synthesized TiO, so that crystallization of brookite becomes
more favorable. In the other case, the crystallization of anatase
from an amorphous phase is possible. In XPS and ESR spectra,
the signals corresponding to N atoms in TiO, lattice were absent.

The changes in the structure and phase composition of hydrazine
treated samples after calcination in an N, atmosphere were con-
trolled by nitrogen sorption and XRD analysis (Table 1). All
samples retained mesoporous structure; however, the average
pore radius of SEH-250 increased from 1.7 to 1.9 nm. In turn,
hydrazine treatment and calcination in an N, atmosphere led to a
slight decrease in the pore volume and specific surface area of
the samples.

According to XRD data, hydrazine treatment and calcination
in N, results in a significant growth of the brookite content of
OCH-180 and OCH-250 samples (Table 1). On the other hand,
the particle size remained unchanged (4-5 nm). Therefore, we
can conclude that hydrazine can influence the crystallization of
an amorphous phase and lead to the preferential crystallization
of brookite. In case of SE-180, the phase composition did not
change significantly after hydrazine treatment and calcination.
Thus, Soxhlet extraction by ethanol and hydrazine treatment with
subsequent calcination cause a similar effect: the crystallization of
brookite from the amorphous phase becomes more advantageous
than the crystallization of anatase.

To study the state of N atoms in a TiO, lattice, the samples
underwent XPS expertise. A peak positioned at 400 eV is present in
spectra obtained for all samples treated by hydrazine [Figure 1(a)].
According to published data,'” two possible positions of N atoms
are characterized by different binding energies (N 1s core level):
Ey = 395 eV corresponds to nitrogen in oxygen positions and
Ey =400 eV is the signal of N in interstitial positions. In terms
of this interpretation, nitrogen occupies interstitial positions in all
samples. A typical spectrum is presented in Figure 1(a). A more
minor peak at 401.9 eV was observed in the XPS spectra of
SEH-180 (MgK,, and AIK,,; irradiation) and SEH-250 (AIK,,
irradiation) samples [Figure 1(b)]. It can be attributed to inter-
stitial nitrogen, which has a hydrogen in neighbour position (like
in ammonium ion, Eg = 401.7 eV).2? The formation of such com-
plexes was predicted by quantum chemical calculations.??
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Figure 1 XPS (Nls) spectra of the sample SEH-250, (a) MgK,, and
(b) AIK,,; irradiation.

Table 2 XPS data for N-doped mesoporous TiO,.

Nls Ols Ti2p
S 1 Con- Con- Con-
ampie E.JeV centra- E.JeV centra- EnJeV centra-
B/¢ tion B/¢ tion B/¢ tion
(at%) (at%) (at%)
400.0 530.0 458.7
OCH-180 "~ <1 531.9 63 464.4 37
399.9 529.9 458.7
OCH-250 ~~ <1 5315 67 4644 33
400.3/400.0¢ 531.3/531.3 458.7/458.7
SEH-180 40101021 21 53005209 771 464.3/464.4 3178
531.3/532.0
400.2/400.1 458.7/458.7
SEH-250 401.9/ — 1/1 5330;2;32 68/67 464.4/464 4 31/32

“Values which have been measured using AIK,; and MgK,,, radiation are
divided by slash. If only one value is present, it corresponds to AlK,,; radiation.
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Figure 2 XPS spectra of the sample SEH-250, (a) Ols and (b) Ti2p.

A typical spectrum of Ols level is shown in Figure 2(a).
For all samples, the O 1s peak consists of two components with
Eg = 530.0 and 531.3 eV. The first component corresponds to
oxygen atoms in nanocrystalline anatase and the second one can
be attributed to surface hydroxyl groups, which are always present
at the surface of nanocrystalline TiO,.2*

The quantification of XPS spectra using peak intensities,
relative sensitivity factors and taking into account calibrated trans-
mission function gives rise to calculate nitrogen concentration
(~1 at%) for samples after hydrazine treatment and calcination
in nitrogen (Table 2).

In the Ti2p spectra, the signals correspond to Ti** only. A peak
at 458.7 eV corresponds to the Ti2ps/, spin-orbit component and
a peak at 464.4 eV, to the Ti2p,,, line [Figure 2(b)]. Therefore,
titanium atoms are not reduced to Ti**, whereas hydrazine is a
strong reducing agent, or XPS is insufficiently sensitive to show
a low concentration of Ti** atoms.

The EPR spectra of the sample SEH-250 measured in the dark
and under illumination (Figure 3) exhibited an asymmetric signal.
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Figure 3 EPR spectra of the sample SEH-250 in the dark and under UV
light irradiation.

The simulation was performed using the Symphony software with
the following main parameters: g-tensor — g, = 2.005, g, = 2.003
and g3 = 2.002; the EPR line width AH, =3.9 G, AH, =2 G and
AH; = 2.8 G and the anisotropic hyperfine tensors A; = 2 G,
A, =3.2G and A; = 32.3 G. This signal can be attributed to such
defects as N atom radicals (N;) embedded in a solid matrix.?°
When the sample is irradiated by a UV lamp, the intensity of this
signal increases. The illumination effect was reversible, the EPR-
signal intensity dropped to the initial value after switching off
the illumination in several minutes. We assume that the N atom
in a TiO, matrix can exist in two forms: Nj (paramagnetic) and
N;, (charged state, diamagnetic). The latter can occur under the
condition of electron transition from Ti3*/oxygen vacancy centres
to interstitial nitrogen atoms. Hence, Ti** centres transfer to Ti**
centres in nitrogen-doped TiO, samples. This statement is in agree-
ment with XPS data. The EPR-signal variations could be explained
by the recharging of these defects by the following reaction:

Ny +hv = Ny +e. (1)

Thus, the presence of Ny radicals in the EPR spectra proves the
introduction of N atoms in a TiO, lattice.

In conclusion, the treatment of nanocrystalline mesoporous
titanium oxide by hydrazine with subsequent calcination in nitro-
gen up to 250°C is a good low-temperature method to prepare
N-doped nanocrystalline mesoporous TiO, with interstitial nitrogen
atoms. This method does not change the pore size, pore volume
and specific surface area of the samples significantly. Thus, it
can be widely used to modify nanocrystalline mesoporous TiO,
samples with N atoms without deterioration of their mesoporous
structure.
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