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ABSTRACT

Characteristics of new nitrogen doped TiO, prepared in an one-pot synthesis where titania (IV) complexes
with ligands containing nitrogen atoms were used as a precursor are presented in this paper. The pale
yellow nanopowder with crystallite size of 9 — 12 nm is obtained as a product of calcination at 310°C and
repeated washing procedure. Elemental analysis shows that nitrogen (1.087 at. pct.) is present in obtained
material. The morphology and microstructure of samples were examined by XRD, AFM, UV-VIS and
FTIR-ATR techniques. These studies confirm that obtained powder demonstrates a significant decrease in
the band gap energy value (£, = 2.83 eV) comparing to pure TiO, (£, 3.22 eV). Presence of N-Ti-O bonds
was confirmed via FTIR ATR. Products of the powder thermal decomposition were detected using TG-
DSC technique coupled with mass spectrometry (MS). The report presents electrochemical studies which
allow estimation of a flatband potential Eg, on the basis of the Mott-Schottky relation.
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INTRODUCTION

The development of non-polluting and renewable fuels supported by the conversion of
solar to electric energy as well as photocatalytic method of air purification is receiving
much more attention in present times. In the midst of various important reactions, the water
splitting into oxygen and hydrogen by sun radiation is potentially one of the promising
ways where the TiO; electrodes are used [1]. That is why most investigations have focused
on TiO, with photocatalytic activity difference to visible light. For the past few decades
several attempts have been employed to modify the titanium oxide for use in wavelengths
above 300 nm. The most often applied approach is based on doping of transition metals
such as Fe [2], Pt [3] into TiO, [4, 5], or reduced form of TiOx. Other popular method
relays on the substitute doping of C [6], F [7] S [8, 9] and N [10] instead O atoms in the
anatase crystal structure. The easiest and most feasible TiO, modification for achieving
visible light activity seems to be nitrogen doping [11]. That is why in recent years there is a
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continually increasing interest in synthesis of N-doped TiO, and its characterization by
different methods. Since 2001, when Asahi et al. [12] reported the method according to
what N-doped titania could be obtained, there have been a lot of reports considering
different synthesis. Some of them consider sputtering of TiO, in an N,-Ar atmosphere, the
hydrolysis of organic or inorganic titanium precursors such as titanium tetraisopropoxide
[13, 14], titanium (IV) sulphate [15] with ammonia aqueous electrolyte following heating
of the resultant precipitates, and the calcining of TiO, powder with urea [16]. Getting
particle size as smallest as possible appeared to be of great importance. One of the latest
methods concerning using soluble salt matrix takes advantage of NaCl giving crystalline
TiO; particles about 15 nm in diameter [17]. This idea was taken into account on planning
the presented synthesis of N-doped TiO, nanopowder. Another advantage of a large
amount of salt co-precipitated with the oxide is the specific surface area and low pore
volume. This influence on undoped TiO, was recently presented by Bianchi et al. [18]

Apart from photocatalytic properties of titanium dioxide, this material has also
semiconducting and electrochemical properties and due to them, the anodic formation of
compact layers of TiO, in different electrolytes is extensively investigated [19]. The study
of metal/semiconductor and semiconductor/electrolyte Schottky barriers is very important
in view of many applications of these systems in photodetection and solar energy
conversion [20, 21]. That is why studies are carried out implying determination of certain
fundamental parameters of the barrier, such as the effective donor and acceptor density
[22], the flat-band potential [23], the position of the conduction and valence band edges
[24]. These experiments and calculations concern TiO; electrode material in aqueous as
well as in nonaqueous media [25]. What is more, it is very hard to find ranked data about
N-doped titanium even though the way to obtain powder with incorporated nitrogen atoms,
preparation manner of electrodes, type of electrolyte make a significant effect on the
electrochemical activity of TiO,.

In this paper, nitrogen doped TiO, was prepared via an one-pot method where
titanium (IV) complexes with ligand containing nitrogen atom were used as a titania
precursor. The particles of TiO, arising during synthesis were surrounded by nitrogen
source and NaCl. After repeated washing and rinsing procedure followed by calcination at
310°C yellow powder was received. This technology is very simple and allows obtaining
nanosized particles. The morphology and microstructure of samples were examined by
UV - VIS, XRD, AFM and FTIR ATR. The report presents impedance spectroscopy
measurements which allow determining flatband potential of nitrogen doped electrode
material.

EXPERIMENTAL PROCEDURES

Synthesis and course of electrochemical experiment

The modified TiO, powder was obtained by the method subscribed in Polish patent
application [26]. The main idea of this method relies on the use of the Ti (IV) compound
containing Ti-N bond as a precursor for TiO, formation. Without disclosing patent claims,
according to this description an amount of 4.5 — 5.5 M MeOH (Me — alkali metal) and 10 -
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30% H,0, was added to Ti (IV) complex solution in aprotic solvent. The mixture was
vigorously stirred in an ice water bath. After 21 hours the liquid phase was evaporated and
then the precipitate was calcined at 310°C in a quartz reactor for different periods of time.
The obtained material was washed with a solution of ethanol/ water (80:20) to eliminate the
salt and centrifugally separated for 10 minutes at 12500 RPM speed (High Speed Brushlers
Centrifuge MPW - 350R). This procedure was repeated several times and finally the
precipitate was dried at 100°C. To study this material in electrochemical way slurry was
deposited as a layer on titanium (Aldrich titanium foil, 0.127 nm thick, 99.7%) plate —
shaped electrode. Prior to deposition, the titanium substrates were rinsed in ethanol for 5 s
and air dried. The Ti substrate electrodes were then carefully cleaned in a HCI : H,O (7:1
volumetric ratio) solution for 10 s, and rinsed with distilled water [27]. Subsequently
an amount of suspension was spotted on clean substrates and then calcined at 310°C for 1 h
in a furnace with quartz tube opened to air. After getting the ambient temperature prepared
electrodes with N—doped TiO, layer (0.5 cm”) were washed with distilled water and then
they were ready to be use in electrochemical and AFM experiments.

Instruments

The electrochemical experiments were performed using the potentionstat — galvanostat
system AutoLab PGStat 10 in a standard three—electrode assembly, wherein the Ti foil
covered by the N-doped TiO; layer was used as working electrode, a Pt mesh as a counter
electrode and an Ag/AgClI (0.1 M KCl) as a reference electrode. All potentials given in this
work were recalculated versus a SCE. Cyclicvoltammetry and electrochemical impedance
spectroscopy measurements were carried out. Three electrodes were immersed in one
compartment cell containing 0.5 M Na,SO4 (pH = 7.7). Experiments for two various types
of electrodes were repeated twice and their reproducibility was found to be satisfactory in
respect to qualitative representation of electrode/electrolyte interface.

The UV - VIS reflectance spectra of the powders were measured on UV —Vis
spectrophotometer (Perkin Elmer Lambda 10) which was equipped with diffuse reflectance
accessory (Labsphere, North Sutton). All obtained reflectance data were recalculated using
the Kubelka-Munk function providing determination of the new material’s energy bandgap.
The infrared analyses were carried out on the calcined powder by using a Thermo Nexus
870 FTIR spectrometer accomplished with an attenuated total reflectance (ATR) accessory
(Labsphere).

The Atomic Force Microscopy (AFM) was used to take a high resolution picture of the
surface of obtained powder deposited as a layer on the titanium substrate. The image was
made on Solver-Next microscope.

The phase structure of the N — doped TiO, powder calcined at 310°C for different periods
of time was identified by powder X —ray diffraction method (XRD). The samples were
examined by Philips X’Pert diffractometer employing Cu-Ko radiation (1= 1.54178 A).
The XRD patterns were recorded with 20 in range 20 — 65 by step scanning, using a fixed
counting time of 2 s/step and 260 increments of 0.02. Average crystallite size was calculated
from full width at half-maximum according to Scherrer’s equation:

D= 0.894
Bcosd

(D
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where A is the wavelength of X-ray radiation, B is the full width of half-maximum height
of the most intense peak and D standing for crystalline size. The line broadening due to the
instrument (main source of error) was calculated from Warren—Averbach’s method and was
eliminated from the crystallite size determination.

In order to determine the phase contribution in the synthesized powder calculations
considering the intensity of the strongest anatase (101) and rutile (110) peaks reflection
were carried out according to the equations [28]:

0
W% = 100% @)

1+1.2651—R
1

A
W% =100—W,% 3)

where Wx% and Wr% appropriately is anatase and rutile percentage by weight, 15 and I is
respectively anatase and rutile intensity of the highest peak.

The doped sample was analyzed by thermogravimetric (TG) and differential scanning
calorimetry (DSC) in a— Al,Os; pan with a NETZSCH STA449F3 coupled with mass
spectroscopy (MS). This thermal analysis system worked under argon gas flow
0.02 dm’/min. from 293 to 1273 K at a heating rate of 10 Kmin™",

RESULTS AND DISCUSSION

XRD spectrometry

X-ray diffraction patterns of prepared samples before and after washing procedure are
presented in Figure 1 (a and b). As it can be seen, there are peaks which are typical for
anatase and rutile, crystal phases of TiO, [29]. Using the Scherer’s equation (1) the
crystallite size could be obtained and on the basis of equations (2) and (3) crystallite phase
contribution could be estimated. Obtained results were collected in Table 1. For all of
the examined samples the content of rutile and anatase is similar and an average crystallite
size is within 9 and 12 nm. These nano—size particles were obtained thanks to the titania
co-calcination with simple water soluble salt. Inert salt (Figure 1 b) can prevent the growth
of rising particles during synthesis and control their distribution [30, 31]. After the repeated
rinsing procedure salt was washed out and separated nanoparticles of titania were obtained
[32 —34].
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Fig. 1. Powder X-ray diffraction paterns for (a) cleaned powder calcined for different periods of time (1 — 4 h)
at 310°C and (b) unwashed sample

Table 1. The calculated crystallite size and phase contribution for calcined samples

Phase contribution

Sample Anatase/Rutile Crystallite size /nm
lh 41.4/58.6 12.8
2h 41.7/58.3 10
3h 43.6/56.4 9.2
4h 40.6/59.4 9

Atomic Force Microscopy

The dimension of particles and their distribution were confirmed also by AFM image. In
Figure 2 a picture of the obtained powder as a layer on the titanium substrate is shown.
That layer, about 10 um in thickness, was made by drop-coating. Because of the use of the
imprecise coating method only in some areas nice well shaped, small grains could be
observed. Taking into consideration the scale it could be said that they are in
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a nanodimension scale. Thus, both methods atomic force microscopy and X-ray diffraction
powder spectrometry confirm each other in respect to the size of titania particles.

Fig. 2. AFM image of the surface of N-doped TiO, deposited on the titanium foil
Diffuse Reflectance Spectroscopy

The optical reflectance spectroscopy was used to study the capability to photosensitization
by obtained nanoparticles. The shift in value of the bandgap energy for modified powder in
comparison to undoped TiO; can be observed from the Kubelka-Munk plots presented in
Figure 3. Such change is known to occur where nitrogen atoms are incorporated into the
structure [13]. The bandgap energy (a) for pure TiO, (Aldrich) nanopowder equals 3.22 eV
(as known from literature) and for doped material it equals (b) 2.83 eV. Thus the energy
gain is estimated as 0.39 eV. In comparison to Kisch. Ef al. [35] one may consider the
obtained result as satisfactory. The colour of samples calcined for 1 or 2 h was pale yellow
whereas longer time of calcination brought about that powders became slightly darker.
Some authors, i.e. Y. Zhao et al. consider this effect as a result of the organic residues
carbonization because of high calcining temperature [36].
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Fig. 3. The Kubelka-Munk plot for (a) TiO, (Aldrich) and (b) modified powder samples obtained after different
time of calcinations (1 — 4h) at 310°C
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Elemental analysis was done for the sample calcined for 4 h. The atomic percent of
nitrogen was 1.087 % what gives strong evidence of doping phenomenon. On the basis of
this data the empirical formula of obtained powder was estimated as TiO1 933N 62-

FT-IR ATR

Figure 4. compares the infrared absorption spectra for the TiO, (Aldrich) and for prepared
N-TiO; powders. FT-IR ATR spectra provide information about surface functional groups.
The samples calcined for different periods of time exhibit similar FT-IR spectra. The
modified nano-powders showed the main, broad band in the range 400 — 700 cm™', which
was attributed to Ti—O stretching and Ti—O-Ti bridging stretching modes [11]. The new
sensitized material varies in comparison to undoped TiO, as four new peaks: 910 cm™,
1060 cm™, 1640 cm™ and 3350 cm™' appear and no NH," absorption peak is observed. First
of them is attributed to peroxides adsorbed at TiO, surface such as Ti-OOH. Another new
absorption peak at 1060 cm™ indicates that some nitrogen atoms have replaced the oxygen
atoms of TiO; lattice to form pale yellow nitrogen-doped TiOs. It can be assigned to the N-
Ti—O stretching vibrations [37 - 39]. The new strong peak at 1640 cm™ was attributed to
bending vibrations of O—H and N—H, and broad one at 3350 cm™ was stretching vibrations
O-H and N-H [11]. The IR spectra of the as-prepared powder revealed that Ti—O, N-H,
TiO-H, Ti-OOH and N-Ti—O groups existed on the surface of the sample prepared by
hydrothermal process. The observing N-Ti—O vibrations could indicate that nitrogen atoms
were incorporated into the lattice of TiO, as well.
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Fig. 4. FT-IR ATR spectra of (a) TiO, (Aldrich) and (b) modified powder samples obtained after different time of
calcinations (1 — 4h) at 310°C

Thermal Analysis coupled with MS

To understand the stability of as-prepared powders the thermal behaviour of 4 h sintered
sample was investigated. The weight loss curve is showing that in the range from ambient
temperature up to 500°C the sample lost 4.7 % of its initial weight. This loss is found to be
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lower than observed by other researches, even above 20 % [13]. The riddance of mass
could be attributed to desorption of water and carbon dioxide out of the surface [40]. Given
explanation is proven by the shape of DSC curve in the Figure 5. a).
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Fig. 5. a) TG-DSC curves for sample calcined through 4 h at 310°C.
b) lon current of selected mass-to-charge number attributed to appropriate ions (see Table 2)
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The endothermic broad band is recorded in the same extend where the decline in mass is
the highest, see Figure 5a. Another three peaks on the DSC curve are located at 374°C,
489°C and 696°C. They all have exothermic character, and the first of them is connected
with noticeable change in mass (- 0.37 %), while for the second one the decrease in mass is
quite slight (- 0.18 %). The peak at 696°C do not show any weight loss which should be
attributed to the phase transformation from anatase to rutile [28]. Changes of ion currents
for selected ions with temperature are shown in Figure 5 b). Data presented in the Table 2
reveals formulas assigned to selected mass-to-charge ratio including oxygen, nitrogen,
hydrogen and carbon, for which the detector was set [41].

Table 2. Selected mass-to-charge ratio with the attributed formulas.

M/zZ Formula
14 N
16 0]
17 OH, NH;
18 H,O
28 N,, CO
30 NO
44 N,O, CO,

The comparison of ion currents courses (from MS) with TG-DSC curves gave information
about species which left the sample in the specific temperature range. In the range up to
200°C the sample looses mainly adsorbed water, hydroxyl groups and carbon dioxide. The
ion peaks about 200°C which are assigned to 14, 16, 30 mass-to-charge ratio, suggested
that there exists decline of nitrogen, oxygen and nitrogen monooxide ions. The relation
between exothermic peak located at 374°C and ion currents of 14, 16, 17, 18, 28, 30 mass-
to-charge ratio shows that in the lattice and/or on the surface there appears some bonds’
breaks. The main DSC-peak at 489°C could be connected with the increasing ion current of
30 and 44 ion-to-charge ratio. It clearly indicates that there exists rupture which leads to
release NO and N,O species. Because this process takes place in such a high temperature it
could be said that the bond breaks inside the lattice. The given description about changes in
ion currents and their relation with DSC curve one may interpret as a confirmation that
nitrogen atoms exist on the surface and in the lattice as well.

Electrochemical impedance measurements

Impedance spectroscopy measurements of new material were performed to obtain data
allowing the characterization of interfacial properties of the boundary between the
deposited N — doped TiO, layer and aqueous electrolyte [42]. The procedure requires the
collection of impedance spectra in the chosen frequency range taken for the material used
as a working electrode. The working electrode undergoes DC stepwise polarization starting
from the rest potential. As a rule, impedance spectroscopy requires steady state conditions
during entire collection of the data, otherwise they are not credible and measurements
should avoid nonlinearity between applied potential and current response. That is why the
experiment was carried out in the potential range where faradic processes, i.e. adsorption
with charge transfer were under control and were taken into consideration during
application of an electric equivalence circuit (EQVC). Cyclic voltammetry tests were
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applied to establish non-faradic potential range of electrode polarization (Figure 6.).
Observed curves both for native titania on the titanium foil and studied powder covering
titanium substrate did not show any significant increase in current in the studied potential

range.
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Fig. 6. Cyclic voltammetry curves obtained for (a) titanium foil with a passive layer and (b) N-doped TiO,
deposited on the titanium foil as a working electrodes immersed in 0.5 M Na,SO, with different sweep rates

Complex plane impedance plots for the titanium foil with native passive layer and N-doped
TiO, on the titanium foil are presented in Fig.7. The whole frequency range spreads from
f=20kHz to 0.1 Hz with 10 points per decade and 10 mV amplitude of AC signal. The
main feature of impedance spectra is almost a vertical line, typical for a capacitive element.
However, accurate analysis of obtained data requires application of more detailed electrical
equivalent circuit. In this case the EQVC constructed of resistive and capacitive elements

connected as it is shown in the Figure 7 was proposed.
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Fig. 7. Complex plane impedance plots for (a) titanium foil with a passive layer and (b) N-doped TiO, on the
titanium foil in 0.5 M Na,SO, for different potentials (f = 0.1 Hz + 20 kHz ) and its fitting line calculated on the
basis of the electrical equivalent circuit

There are R(RC)CPE, where

Re — electrolyte resistance
RC — interpreted as resistance and capacitance of adsorbed species or according to Gordon

and Gomes [24] should reflect presence of outer Helmholtz layer
CPE - constant phase element, attributed to capacitance of space charge region (Cj.)

Impedance of CPE is given by:

Zepp = (@)™ Qi1 3)
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n (0 <n < 1), Q- characteristic constants for CPE and w = 2rf— angular frequency. The
value 7 is related tothe rotation angle a of the spectra:

a =(1-n)-90° (4)

The fitting procedure was performed using EQIVCRT program [43] with good accuracy (y°
= 10°+107). In the studied case n varied from 0.86 to 0.95. Assuming that calculated Q
values represent Cs. the Mott-Schottky plots of pure titanium foil and N-doped TiO, on
titanium foil were prepared (Figure 8.). As it can be seen a determination coefficient is very
high. Owing to the application of the whole fitting procedure established capacitance is
interpreted as capacitance of the space-charge region [44].

0,6 x114
6F © R'=0.9784 __"ﬁ% 1
A R=0.9964 P
5 PRdo I 1 10‘\."“_
] r X -1 1.
L’:4 ,O’O A o
@ — ¢ o
o o0 & {08 2
o &ax‘ﬁ ]
o3r - 106
o[ E=-1386V .~ s
1k ,‘,Ef=-1'.'|/:|09\f :02
0 |'," 1 L/ 1 I I 1 1 0.0
14 12 10 -08 06 -04 -02 00 02
Evs. SCE NV

Fig. 8. The Mott-Schottky plot of (O) titanium foil with a passive layer and (A) N-doped TiO, on the titanium foil
measured at various potentials

The intercept of the Mott-Schottky plot gives the value of flatband potential E. The
flat band potential of the new material is shifted by 0.377 V towards anodic range what is
desirable for an ideal semiconductor photocatalyst. Similar direction of E; shift but much
smaller (only 40 mV) was observed by Colussi et al. [45]. However, these researchers
found that nitrogen doped titanium fails to catalyze the oxidation of organic impurities
under visible illumination. On the other hand further studies in this direction are necessary
and planned.

CONCLUSIONS

Nitrogen doped TiO, nanopowder was synthesized from Ti (IV) complexes with ligands
containing nitrogen atoms. Tailoring of nanosize diameter of titania particles was possible
by co-precipitation and calcination in the presence of the water soluble salt. The elemental
analysis, FT-IR ATR spectra, TG-DSC analysis coupled with the MS confirmed presence
of nitrogen atoms in the selected samples. The nitrogen doping phenomena resulted in the
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shift of absorbance maxima towards visible wavelength was achieved as expected. The
flatband potential of N—doped TiO, determined (in 0.5 M Na,SO4) on the basis on fitting
procedure using EQVC was shifted by 0.377 V in comparison to native TiO, on the
titanium foil. Further studies concerning electrochemical and photocatalytic
characterization of doped TiO; are necessary.
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