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ARTICLE INFO ABSTRACT

Keywords:

Mixed-phase TiN,-TiOy nanoparticles with an average particlesize of 27-120 nm were prepared by the levitation-
jet generator through condensation of Ti metal vapor in inert gas flow with gaseous nitrogen/air additive. The
nanoparticles were characterized by Scanning electron microscopy, X-ray diffraction, Ultraviolet-visible spec-
troscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy, and
Vibrating sample magnetometry. Room-temperature ferromagnetism with a maximum magnetization of up to
0.14 emu/g was discovered in the nanoparticles. The observed ferromagnetic ordering was related to the defect
Ti-N-O structures at the interfaces between crystal phases. This suggestion is in good correlation with data ob-
tained during spectroscopic studies. All the results demonstrate that the predominant role of the nitrogen and
oxygen vacancies at the interfaces between titanium nitride, anatase, rutile, as well as the other mixed Ti-N-O
phases contribute to the evolution of the room-temperature ferromagnetism. The maximum saturation magne-
tization of nanoparticles was extremely dependent on the N/O ratio, and area of peaks core-levels N 1s and O 1s.
For the first time, an unknown phenomenonof a temporary “turn-off” effect of magnetization in hysteresis loops
of some mixed-phase nanoparticles was discovered. The obtained results could be used in the search for new

Nanoparticles (NPs)

Titanium nitride (TiN)

Titania (TiO5)

Room-temperature ferromagnetism (RTFM)
Spectroscopic properties of NPs

spintronic materials.

1. Introduction

Dilute magnetic semiconductors are the most representative class of
ferromagnetic materials operating at room temperature (RTFM). RTFM
detection reports continue to appear even for vanishing concentrations
of magnetic atoms and are still one of the most controversial topics in
magnetism [1]. Various improper sources of such ferromagnetic
behavior (instrumental artifacts, alien magnetic impurities, etc.) have
become well documented, but they are rarely taken into account when
ferromagnetism of initially non-magnetic bulk materials at room tem-
perature are reported [1-3]. From the single element material (graphite)
to several covalently bonded non-magnetic compounds (for example,
oxides, nitrides, selenides, etc.), the influence of defects such as va-
cancies and/or non-magnetic atoms on triggering magnetic order is
attracting the interest of theoreticians [4]. But, in general, their model
description is still not quite adequate, since various chemical com-
pounds show different behavior concerning the origin of RTFM,

apparently due to the features of their defect structure, especially in the
nanostructured states of material [1].

Among the studied materials, systems based on practically important
Ti-compounds in the form of nanoparticles (NPs) or thin films of Ti-N [5,
6], Ti-O [7,8], and N-TiOg [9] are very interesting, when RTFM occurs
without the participation of any other alloying components and its
mechanism is encouraged for discussion.

In many studies, related to NPs of undoped TiO3, RTFM was strongly
dependent on nanoparticle production procedure and techniques of
treatment. Firstly, Zhao et al., using sol-gel method, prepared of TiO,
NPs in anatase (~ 10 nm) and rutile (~20 nm) forms, which after
annealing under Hy/Ar atmosphere achieved specific saturation
magnetization (c5) of up to 9 and 5 memu/g, respectively [10].Further,
other researchers have used the sol-gel approach with different
post-treatment. Wen et al. discovered only superparamagnetic-like
behavior in TiO; NPs of a few nm in sizes [11].Choudhury et al. ob-
tained o5 ~ 183 memu/g in the NPs of anatase-brookite (7—10 nm) [12].
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Table 1

Main properties of synthesized NPs. <d> — average particle size obtained from the SEM micrographs; S - specific surface area; ds — mean particle size obtained from the

BET analysis; o5 — saturation magnetization.

Synthesis conditions

ID
Ti, g/h Ar, 1/h He, I/h air, 1/h;mode Ny, 1/h;mode S, m%/g <d>, nm dg,nm Os,memu/g
TNO1 2 130 0 280; SA 0 18.4 + 0.18 120 70 14
1; 21
TNO2 0.5 80 0 CA cA 34.25 £ 1.07 66 40 29
TNO3 5 130 0 L 120 19.74 + 0.12 100 57 30
CA SA ' :
TNO4 5 130 0 L 34 27.96 +£1.18 95 40 54
CA SA ) :
TNO5 5 130 0 5 120 18.77 + 0.63 105 62 45
CA SA : !
TNO6 5 0 430 L 37 68.01 + 0.49 27 17 80
CA SH . :
1; 0
TNO7 2 130 0 cA cA 12.22 £+ 0.46 110 100 91
TNO8 - - - - - 24.45 £ 1.03 95 60 140
TNO9 5 0 430 L 0 36.25 + 0.77 60 34 17/~0

CH

Switch behavior

Ghosh et al. synthesized NPs (5-20 nm) with o5 of up to 0.32 emu/g
[13].Gomez-Polo et al. obtained anatase titania NPs (~ 5-8 nm) with
only paramagnetic behavior and up to 3.5 memu/g for N-doped samples
[14].Patel et al. manufactured anatase NPs (15—40 nm) with 63 ~ 5
memu/g [15].Q. Wang et al. synthesized anatase NPs (~ 18 nm) with o
of up to 1.7 memu/g [16].Singh et al. observed o5 of up to 2 memu/g in
anatase/rutile NPs (10—60 nm) [17].Rajkumar and Ramachandran
obtained anatase NPs (5-10 nm) with 65 ~ 45 memu/g using a chemical
route [18].Chanda et al. found o5 of up to 8 memu/g in the wet-chemical
TiO4 NPs (6—10 nm) [19].Parras et al. prepared NPs of rutile TiO5_5 (10
nm) with 65 ~ 10 memu/g [20] by hydrolyze. S. Wang et al. prepared
anatase NPs (20—30 nm) with o5 of up to 25 memu/g using a sol-
vothermal treatment method [21].

Experimental investigations of hysteresis magnetization in aerosol-
generated NPs shown that maximum specific magnetization can reach
2.5 emu/g in the titanium nitride [22], and 0.2 emu/g in titania [23]. In
these NPs, manufactured using a levitation-jet generator, it was found
that for the Ti-N system saturation magnetization fluctuates with the
values of indirect bandgap and tends to increase with higher Ti-N bond
concentrations. This behavior was interpreted in terms of the defect
structure of the NPs surface containing vacancies of Ti (Vrj) and N (Vy)
[22]. For the Ti-O NPs saturation magnetization monotonically changed
depending on their specific surface area, average particle size, and rutile
content [23]. Such behavior was also interpreted in terms of the
defective structure of anatase/rutile interface, containing Vr; and oxy-
gen (Vo) vacancies. The concentration and degree of interaction of de-
fects in all the above-mentioned systems could be controlled by
variations in the preparation conditions, such as particle size,
morphology, and chemical composition of NPs.

Theoretical studies indicated, that cationic vacancies could be fer-
romagnetically coupled [24]. Furthermore, several experimental data
have shown that the magnetic properties of undoped titanium dioxide
are closely related to oxygen vacancies, which are thus considered to be
a source of RFTM [25]. The electronic state induced by oxygen vacancies
was also studied using first-theoretical calculations in rutile and anatase
[26]. However, it is interesting to find out which T-N or Ti-O subsystem
has a stronger effect on RTFM since all samples are usually exposed to
open air before the test procedures. We believe that the real structure of
defects is such that an uneven distribution of defects over the material
[27] can lead to the formation of some local stable states (pseudo pha-
ses), where defects are interacting (including with the matrix) with
RTFM generation [28]. In this case, the amplitude of the RTFM response
should be directly proportional to the content of such phases. The
question is, what the key factor is in the development of RTFM:the
presence of defects, such as Vg, Vy, Vi, or their uneven distribution over

the material. Since metallic titanium is the same component in such
mixed systems, the difference in the ability of gas ions to penetrate the
crystal lattice and/or in the level of adsorption (accommodation) of
surface atoms can be determined using optical and spectral data, as well
as XPS data.

In this paper, we synthesized some mixed phases from TiN-TiOy
nanoparticles using the levitation-jet generator and tried to find out any
features in their magnetic, structural, and optical/spectral characteris-
tics, that distinguish this material from the previously studied Ti-N or Ti-
O systems [22,23].

2. Experimental
2.1. Synthesis

Composite TiNy-TiOy nanoparticles were synthesized using the
levitation-jet generator described in detail elsewhere [22,23]. A twisted
piece of titanium wire (Sigma-Aldrich, diam. 0.25 mm, 99.7 % purity)
was suspended on the bottom edge of wire inside of a quartz tube. This
piece was heated up by the electromagnetic field (0.44 MHz) generated
using counter-current inductor until metal Ti began to levitate, melt,
vaporize and then condensate in the form of aerosol nanoparticles [29].
A vaporizing liquid droplet was blown down by an adjustable stream of
Ar (99.998 at. %) or He (99.995 at. %) gas and permanently supplied by
the Ti metal wire. To obtain NPs with desirable composition gaseous
nitrogen (99.996 at. %) and air (99.99 at. %) as reactive gases were
permanently injected in the base stream in the given ratio. During all the
synthesizes well-known actions have been taken to prevent any influ-
ence of undesirable magnetic contaminants [2].

Most of the NPs understudy were prepared when the reactive gas was
added to Ar or He based flow through a lower input in the split mode (SA
or SH, respectively, [29]). For three cases of NPs synthesis the reactive
gas was added into Ar or He based flows through an upper input in CA or
CH combined mode, respectively [29]. One part of the as-prepared
TNO9 sample underwent combustion in the open air and was takenas
a TNOS8 sample. The specificity of all the above-mentioned conditions
was the manufacture of NPs with varied phase compositions and average
particle size [29]. All the parameters of NPs synthesis, including metal
feed rate, inert and reactive gas flow rates, synthesis mode, etc. are listed
in Table 1.

2.2. NPs characterization

The NPs morphology and particle sizes were examined using scan-
ning electron microscopes (SEM) CARL ZEISS: LEO1450 and ULTRA
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Fig. 1. XRD patterns of all the NPs. The numbers of curves correspond to the
numbers of NPs in Tables 1 and 2. The main crystalline phases are Osbornite 87-
0632 (*), 72-1807 (0), 73-1116 (7), 73-1581 (+), 65-1119 (#), 86-2352 (v),
rutile 89-4920 (r), and anatase 84-1285 (x). The XRD standard patterns are
presented in the low part of both plots.

PLUS. Electron micrographs were analyzed using Carl Zeiss AxioVision
image processing software. As a result of that, the particle size distri-
bution and their volume average size <d> were determined [29]. The
specific surface area of NPs was studied by four-point Ny physical
sorption BET measurements using the META SORBI-M instrument. The
crystal structure of NPs was determined by using an X-ray powder
diffractometer DRON-3 M (Cu Ko radiation). The phase composition of
NPs was determined using JCPDS PDF2 (release 2011) and Crystallog-
raphica SearchMatch software. Rietveld analysis (PowderCell 2.0 soft-
ware) of X-ray diffraction patterns was applied to evaluate the fraction
of crystalline phases in nanoparticles. UV-vis spectra of NPs were
recorded using Lambda950 (Perkin Elmer). Fourier transform infrared
(FT-IR) spectra were acquired using the Tensor 27 spectrometer
(Bruker) in the frequency range of 400-4000 cm ™. Raman spectra were
recorded using the InVia Raman Renishaw apparatus (Ar laser, 514.5
nm). XPS instrument was a Thermo Scientific X-ray Photoelectron
Spectrometer (Al Ka, 1486.6 eV source) running at 72 W with a pass
energy of 50 eV. For calibration of XPS spectra, the Carbon 1 s spectrum
was recorded for all the samples. Magnetic properties of NPs were
measured by EG&G PARC M4500 vibrating sample magnetometer in

applied magnetic fields of up to 10 kOe with a relative accuracy of 1 x
10 at room temperature. A diamagnetic contribution of the nylon
sample container was extracted from the total response to determine the
true magnetic moment of samples.

3. Results and discussion
3.1. XRD

All the NPs were found as Ti-N/Ti-O composite materials with
various crystal structures. Fig. 1 demonstrates XRD patterns for all NPs
(with their JCPDS card numbers) under study. In Table 2, the results of
crystal phase identification with its percentage were summarized. As it is
seen, the main T-N phases were osbornites TiN(y). The main Ti-O phases
were titanium oxides including rutile and anatase. Using cumulative
calculations, we estimated N/O ratio for all the NPs. These values are
also presented in Table 2.

3.2. SEM

Fig. 2 shows SEM micrographs of some NPs. In Fig. 2a, the TNO6 NPs
are tenths of nm in size and commonly rough cubic shapes are seen.
These shapes are in good correlations with the results of ref. [22],
because of the large quantity of Ti-N phases in the NPs composition
(Table 2). In Fig. S1 (Supplementary data) particle size distribution of
the NPs extracted from the corresponding SEM image showing the fit to
a log-normal distribution function. In Fig. 2b the TNO7 NPs are seen to
be from tenths to hundreds of nm in size, commonly rounded
morphology and plate-liked (welded spheres),which are in a good cor-
relation with the results of ref. [23]. Both NPs micrographs included the
minor component as a counter partner to each other. The particle size
distributions of both NPs were moderately narrow and log-normal [29].
Table 1 lists specific surface areas (S) calculated from BET measure-
ments of various NPs, allowing us roughly estimated a degree of their
surface evolution and the mean particle size - dg. Average volume sizes
<d> obtained from the analysis of NPs micrographs are also presented
in Table 1. As it is seen from Table 1, the <d> and dp values are in good
correlation.

3.3. Magnetic properties

VSM measurements showed that NPs have ferromagnetic hysteresis
loops at room temperature (RT). The results of specific magnetization ¢
measurements for all the NPs vs. applied magnetic field, H, are presented
in Fig. 3a. Hysteresis loops exhibit soft-magnetic behavior with coer-
civity ranged within 40—130 Oe. In Tables 1 and 2, the saturation
magnetization og data are reported. The highest saturation magnetiza-
tion value obtained in this study was about 0.14 emu/g (NPs TNOS),
which was smaller than o4 values, obtained for the above-mentioned
single-phase TiN or TiO, NPs samples [22,23].

However, amazing magnetic behavior has been discovered in some
of the NPs. In Fig. 3b we can observe strange reversible traces of the
instability of the VSM signal from the TNO 9 NPs with rather low ni-
trogen content. This sample demonstrates a temporary “turn-off” effect
of magnetization in hysteresis loops of some NPs when an applied
magnetic field changes. Such a magnetic phenomenon can be attributed
to the influence of local regions in NPs with various defective structures
at the interphase boundaries [18-20]. It is interesting to note, that after
the combustion of these NPs in the open air they undergo radical
transformations in their composition (cf. TNO9 and TNO8 NPs data,
Table 2). The saturation magnetization of burnt NPs has increased
sharply and the “turn-off” effects have relatively weakened, retaining its
absolute value. It can be assumed, that configuration of the defects is
affected by the rate of changes in an applied magnetic field (about 28 Oe
per second). The field is capable of destroying the weak RTFM in-
teractions between defects, periodically reconfiguring the percolation



Table 2

Crystalline phases of NPs identified from XRD patterns and their content, determined by the Rietveld analysis.

XRD composition

D Ti-N (Ti) component Ti-O component N/O o5, memu/g
Card Name/ Formula at. % Card Name/ Formula at.%
86—2352 Titanium Oxide/ TiO 43
TNO1 87-0629 Osbornite, syn/ TiN 28 73-1116 Titanium Oxide/ TioO 16 0.3 14
89-4920 Rutile, syn/ TiO, 13
87-0626 Osbornite, syn/ NTig 7¢ 21 84-1285 Anatase, syn/ TiOy 42
TNO2 . . 65-1119 Titanium Oxide/ TiO, 19 4.1 29
— 2 by TiN 1
87-063 Osbornite, syn/Ti 3 73-1776 Titanium Oxide/ (TiOp 005)3 42 5
TNO3 87-0632 Osbornite, syn/ TiN 82 72-1471 Titanium Oxide/ TigO 18 4.6 30
87-0632 Osbornite, syn/ TiN 72 . . .
TNO4 650414 Osbornite, syn/ TiN 12 76—1644 Titanium Oxide/ TizO 16 5.3 54
87-0632 Osbornite, syn/ TiN 40 N . .
TNO5 870630 Titanium Nitride/ (TiN)o ss 2 73-1116 Titanium Oxide/ Ti,O 36 3.6 45
87-0632 Osbornite, syn/ TiN 35
TNO6 87—-0630 Titanium Nitride/ (TiN)g gg 33 65-6711 Titanium Oxide/ Tiz 503 13 1.9 80
76—1834 a-Titanium Nitride/ TiNg.¢1 19
TNO7 87-0632 Osbornite, syn/ TiN 18 73-1581 Titanium Oxide/ TiOg 325 47 1.0 01
65—-9622 a-Titanium/ Ti 15 72—-1807 Titanium Oxide/ TigO 20 ’
73-1782 Rutile, syn/ TiO1 95 32
. . 65—-0192 Rutile, syn/ TiO, 30
TNOS8 87-0632 Osbornite, syn/ TiN 18 841285 Anatase, syn/ TiO, 12 0.1 140
72—-0519 Titanium Oxide/ Ti3Os 8
76-0198 Titanium Nitride/ TiN 9 893074 Titanium Oxide/ Ti00 45 2 170
TNO9 73-1581 Titanium Oxide/ TiOg 325 21 02
892959 Titanium,Ti 19 73—-1583 Titanium Oxide/ TizO 17 : Switch behavior
72-1807 Titanium Oxide/ TigO 10
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Fig. 3. Ferromagnetic hysteresis loops of some NPs from Table 1. The numbers of curves correspond to the numbers of NPs in Table 1.

network of connecting various types of vacancies, which determines the
total magnetic moment of the system.

Since there is still no complete understanding of the RTFM origin
during nanostructuring of initially bulk non-magnetic materials [30],
the main goal of this study was to find out how the magnetization of NPs
depends on other characteristics of the material under study [31-33].

Table 1 does not show any explicit dependencies of saturation magne-
tization from the average particle size. At the same time, in Fig. 4, a
dependence of o5 from the phase composition of NPs plotted as a func-
tion of the N/O ratio, demonstrates some maxima. Such behavior can
also be interpreted in terms of the defect structure of nanoparticles [34].
As was mentioned above, the randomly distributed vacancy regions of
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titanium, oxygen, and nitrogen may be presented in the studied material
[35]. Such defects can limit the compensating charges in molecular
orbitals, forming local magnetic moments, and RTFM can be established
only if these defects concentrations significantly exceeds the equilibrium
value [28]. As a result of that, the o value of samples should depend on
the number of such moments, associated with the density of defects at
the phase boundaries [28]. As is seen in Fig. 4, for as-prepared TiN,-TiOy,
nanoparticles o reach its maximum when the N/O ratio is unity. Then it
can be assumed, that number of vacancies of nitrogen and oxygen atoms
in the system, in this case, will also be the same. Since maximum o;
values, which have been achieved in the nanoparticles of the Ti-N and
Ti-O systems, are higher than its value for the mixed phase, it can also be
assumed, that here interfaces completely determine the evolution of
RTFM. As nitrogen and oxygen vacancies in the crystal lattice at the
interface can compete for the interactions with titanium vacancies, the

o

(@B)

stability of the Ti-N-O system can be violated when the magnetic field
was applied. Such RTFM in a mixed-phase material will be sensitive to
the rapid changes in the applied magnetic field. This indicates a rather
weak interaction between single magnetic moments of vacancy config-
urations in RTFM of systems with insufficient vacancy density. Com-
bustion of such sample in air expands the percolation networks,
increasing the Vg density over a larger volume of the sample. However,
while stabilizing the value of total magnetization, there is a possibility of
maintaining ability for magnetic field temporarily to disable the rest
localized interface areas (probably related to Vy).

3.4. Optical characterization of NPs

3.4.1. UV-vis reflectance

Optical properties of NPs were studied using UV-vis spectroscopy by
measuring spectra in the range of 200-1200 nm in a diffuse reflectance
mode [36] (Fig. S2).

The optical band gap energy (Eg) of the NPs were estimated using
Tauc equation [37]:

aE = A(E-Ep)'/Y, m

where o is an absorption coefficient, which may be obtained from the
reflectance R using Kubelka-Munk function [38], E = hv is an incident
photon energy, A is a constant, and g is an index that characterizes
optical absorption process (@ = 2 for direct and 0.5 for indirect
processes).

Tauc plots of (ocE)l/2 vs. (E) (Fig. 5a) and (ocE)2 vs. (E) (Figs. 5b,c)
were used to evaluate the indirect (Eg) and direct (Egq) bandgap en-
ergies, respectively, by extrapolating the linear region of plots to inter-
sect the photon energy axis.

From Fig. 5a it was found that the indirect bandgap (Eg;) values of
NPs are 0.5; 1.0; 1.39 and 3.08 eV. The last value is close to Eg value,
corresponding to the bandgap energy, determined in N-TiO; thin films
[39]. In this Fig., a decrease in the Eg; bandgap values of the NPs was
related to an increase in N content (see also Fig. 5d) may be seen.
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Fig. 5. Tauc plots of (aE)1ys. E for some of the NPs for the different q: (@) 2; (b, ¢) 0.5. The numbers of curves correspond to the numbers of NPs in Table 1. (d) —
Energy gaps dependencies from the N/O ratio in the NPs.
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Figs. 5b,c demonstrates the results of direct bandgap determination,
which have a much better fit than the corresponding fit of indirect
bandgap, since in this case, the light absorption does not involve a
change in the electron-hole pair momentum [40]. The E¢(N/O) depen-
dence of theNPs shows a wide dip character, as is seen in Fig. 5d. Such
behavior has been, probably, related to the peculiarity of 0?~ > Ti**
charge transfer in such systems [41]. Some of these band gap values
have been earlier reported for TiOxNy films deposited by reactive
magnetron sputtering [42].

It is widely known, that the filled O 2p orbital and empty Ti 3d
orbital mainly forms the valence and conduction bands of TiO5. The low
energy N 2p orbital atom considerably interacts with that of O 2p,
leading to a charge transfer between N 2p and conduction or valence
band. As a result of that, there is red-shift in the bandgap transitions
[43], as it was discovered in the NPs.

3.4.2. FT-IR

FT-IR transmittance spectra of some NPs in the frequency region of
400—4000 cm™! were also recorded (Fig. S3). The band around 2350
cm ™! was assigned to the surface-adsorbed CO, from ambient air [44].
The weak peak at 1150 cm™! can be attributed to the O—H vibrations of
the hydroxyl species (Ti-O-O-H [45]) also formed at the surface from the
ambient atmosphere. In Fig. 6 the special spectral region of 400-700
cm™ is shown [46]. The peaks around 480-440 cm! are assigned to
vibration levels of the Ti-N bond [47]. With an increase of nitrogen
content, these peaks become stronger, which denotes more Ti-N bonds
in the NPs [48]. Several peaks were found in the wavenumber region
ranged from 400 to 440 cm’!, and all of them can be attributed to the
stretching vibration of the Ti-O-Ti bond [49]. However, their intensity in
the N-rich samples was relatively low, indicating that the network of
Ti-O-Ti was not well developed there [50]. It is known, that anatase-rich
NPs gives only one peak at 550 cm™ !, while the rutile NPs gives two
peaks at 530 and 640 cm™!, respectively [51]. So, all the peaks at
435-650 cm ! may be also ascribed to the stretching vibrations of Ti-O
and Ti-O-Ti bonds, respectively. However, it is necessary to keep in
mind, that in the above-mentioned area of wavenumbers the Ti-N —and
Ti-O bands are usually overlapped [52].

The inset in Fig. 6 shows the dependence of saturation magnetization
from the magnitude of FTIR peak No.l for as-prepared NPs. As was
shown, the o, increases with peak magnitude and some of its correlations
with N/O ratio value seem to be present, which verifies the essential role
of the Ti-N subsystem in RTFM evolution.
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3.4.3. Raman spectroscopy

In Fig. 7 the Raman spectra of the NPs are presented. These spectra
show the presence of the mixed-phase in the Ti-N-Osystem, which varied
among the NPs. It should be noted, that part of the peaks are not well
defined and constitute an unresolved structure, indicating the coexis-
tence of some disordered phases [53]. For all the NPs rutile peak Eg (1),
which tends to broaden and blue shift the peak position starting from
245 cm’l, partially, with N/O ratio decrease (denoted by the arrow)
may be seen. A controversial tendency may be also seen for the rutile
peak Eg (2) (445 cm’l): redshift and transformation into the peak at 422
cm ™! [54]. The broadening arises mainly owing to the oxygen vacancies
and due to phonon confinement effects in the NPs [44].

NPs with large N/O ratio value may consist of nonstoichiometric
TiN, and oxygen there exists as a solid solution therein [6]. Since
amorphous TiN,Oy was reported to exist on the surface of TiN [55], only
a few peaks may be considered as a superimposed with rutile Raman
peaks of such compounds for NPs with rich nitrogen content. That may
be the peaks at 246 em ™! for Tis.s04N [56] and at 243 cm ™! for TiOxNy
[54], respectively. The rutile peak at 445 cm™! may be also super-
imposed with 444 cm™! peak of TiOxNy and the peaks near 205 em™!
rather than belonging to the TiOx compounds [54]. The intensity peaks
are generally weakly attributable to the metastable TiOx phases [57].

In NPs with small N/O ratio value, we can see the Raman peaks of
TiOy compounds, containing anatase as the main phase (A, Big,
512-520 cm™1). In NPs 5,6,2,4 these peaks may be overlapped with
weak peaks discovered at 518 em ! [58] and 520 cm ™! [59] for TiN,Oy,
and at 515 cm ™! for TiOy [54], respectively. It should be also noted, that
there are some overlapped signals between anatase TiO; and TiN. As a
result of that, the O-Ti-N and Ti-N bonds do not lead to any new Raman
bands [6]. The first strongest low-frequency E; peak presents a blue shift
and broadening relative to that observed in anatase nanocrystals of large
size due to the breakdown of k = 0 Raman selection rule induced by
phonon confinement [60]. In the TNO6 NPs oxygen defects result in the
broadening and shifting of the Eg line to higher wavenumber [61]. The
phonon lifetime is shorter in these NPs also due to phonon confinement
in the small nanocrystallites [62]. We discovered the blue shift from 144
em™! for pure anatase to 154—156 cm ™! for NPs understudy close to that
reported earlier [57]. This indicates that the anatase phase is preserved
on the surface after N doping [36].

The results arose from the analysis of Raman spectra, supported a
hypothesis regarding the predominant role of vacancies, which may be
suggested for the RTFM origin in the NPs.

Following the results produced in [63], it may assume that Vg and Vi
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vacancies are generating the electron-rich active sites. The Vg is
dispersed in single- and double-cluster forms in the anatase and rutile
phases, respectively, in both bulk and surface. The Vg distribution is
homogeneous in anatase and heterogeneous in rutile bulk, respectively.
Since the TiO4Ny system is a much more defective system, we are sure
that thedistribution of vacancies in the material (on its surface and
subsurfaces) could potentially create more active sites, especially, on the
phase interfaces [63].

3.4.4. XPS

The elementary composition and surface chemistry of all the samples
were analyzed by using XPS. The XPS results indicate that all the sam-
ples are only containing Ti, O, N, and C elements (Fig. 8). XPS survey
scan spectra of some NPs were recorded to show the Ti 2p, N 1s, O 1s,
and C 1s core-level regions.

All the XPS peaks were deconvoluted by Origin 2018 software with

the Gaussian profile function, including a fixed XPS baseline model in
the Shirley computation range method [22]. As an example,
high-resolution XPS spectra for the different regions of TNO6 NPs are
presented in Fig. 9.

In Fig. 9a the deconvoluted doublet of the Ti 2p peaks shows a
specific structure that can be ascribed to the presence of Ti-N-O com-
pounds. The Ti 2p3,, peak with the binding energies (BE) is equal to
454.5 eV, 456.7 eV, and 458.3 eV, as well as Ti 2p; o peak with BE =
460.4 eV, 461.9 eV, and 463.9 eV components, can be resolved in the
collected spectrum, which is close to the values reported earlier [58,64].
For the Ti 2p3/ peak areas, the first peak component may be attributed
to Ti-N bonds [22,65]. It is known, that the peak at 458.3 eV is indicative
of Ti-O bonds, which is typical for Ti (IV) in the TiO5 oxide [23,66,67].
The Ti 2p spectral deconvolution was also showed the presence of a peak
at BE = 456.7 eV. Since this binding energy is close to that of both TiOy
(x < 2) and TiN;Oy, [68], we need to consider the N1 s spectra [64].

In Fig. 9b the N 1s core-level region is divided into four different
peaks with BE = 395.6 eV, 396.8 eV, 398.4 eV and 399.7 eV, respec-
tively. The peak located at 395.6 eV is attributed to oxygen substitution
with nitrogen (3-N) in the titania lattice [69]. The N 1s peak appears at
the binding energy of 396.8 eV is likely due to the formation of titanium
ions with higher valence state caused by higher oxygen content, which
further corroborates the formation of TiN (TiNxOy) species [22,70-72].
The peak located at 398.4 eV may be attributed to the anionic N in
Ti-O-N, which is the interstitial N, indicating that N atoms penetrated -
the lattice to form interstitial Ti-O-N bonds [59,73,74]. The peak located
near 399.7 eV can be assigned either to molecular nitrogen (N2) bonded
to surface defects, or to chemisorbed N species bonded to surface O sites,
or to C—N bonds [38,46,64,75].

In the O 1s region, an asymmetric peak was observed (Fig. 9¢). This
peak is composed of three contributions with BE = 529.8 eV, 531.9 eV,
and 533.3 eV, respectively. The first peak was attributed to the contri-
bution of O-Ti bonds in the crystal lattice of titanium oxide and oxy-
nitride compounds [65,76]. The second one is the result of the presence
of Ti-O-N or Ti-N-O structures [77], and the last peak is related to the
C=O0 bonds in carboxylic groups [78].

In the C 1s region (Fig. 9d) the binding energies of peaks are at 284.8
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Fig. 9. High-resolution XPS spectra of TNO6 NPs in the core level regions: (a) Ti 2p, (b) N 1s, (c) O 1s, and (d) C 1s.



Table 3
Curves fitting results for some of the NPs: Ti 2p, N 1s, O 1s, and C 1s of XPS spectra.

Sample ID

TNO3 TNO6 TNO4 TNO7 TNO8

BE (eV) hmax FWHM Area (%) BE (eV) hmax FWHM Area (%) BE (eV) hmax FWHM Area (%) BE (eV) hmax FWHM Area (%) BE (eV) hmax FWHM Area (%)
(cps) (eV) (cps) (eV) (cps) (eV) (cps) (eV) (cps) (eV)

Ti 2p Ti 2p Ti 2p Ti 2p Ti 2p

454.5 5289 1.28 9.6 454.5 4275 1.42 8.0 454.7 5834 1.22 8.2 454.8 7988 1.41 11.8

456.3 7833 3.21 35.6 456.7 7748 3.60 37.0 456.2 10270 3.83 27.9 456.5 7614 3.72 29.7

458.2 19220 1.45 25.6 458.3 12870 1.57 26.8 458.3 19500 1.38 35.1 458.7 18550 1.53 29.8 458.5 41790 1.42 71.2

460.5 4046 1.93 11.0 460.4 2384 1.35 4.2 460.6 4945 1.04 7.7 460.7 5139 1.55 8.4

462.4 2036 1.74 5.7 461.9 2690 2.5 9.0 462.1 3238 3.64 6.3 462.1 2649 1.93 5.3

463.9 4494 1.97 12.5 463.9 5165 2.13 15.0 463.9 6845 2.09 14.8 464.3 6471 2.21 15.0 464.1 12210 1.97 28.8

Nis Ni1s Nils N1s N1s

395.5 2044 1.21 25.3 395.6 1994 1.19 27.9 395.5 2744 1.20 25.4

396.8 4966 1.21 61.6 396.8 4057 1.19 56.8 396.8 6578 1.20 60.9

398.4 782 1.21 9.7 398.4 809 1.19 11.3 398.4 1107 1.20 10.2

399.9 277 1.21 3.4 399.7 283 1.19 4.0 399.7 379 1.20 3.5

Ols Ols Ols O1s O1s

529.7 18030 1.59 29.7 529.8 20730 1.73 421 529.8 24890 1.73 48.6 530.2 26120 1.75 54.4 529.9 103640 1.77 74.4

531.8 24010 1.59 39.6 531.9 16170 1.73 32.9 531.6 14770 1.73 28.8 532.1 14590 1.75 30.4 532.5 35690 1.77 25.6

533.2 18620 1.59 30.7 533.3 12310 1.73 25.0 533.1 11550 1.73 22.6 533.5 7300 1.75 15.2

Cls Cls Cls Cls Cls

284.8 34170 1.51 69.4 284.8 21200 1.70 69.5 284.8 15110 1.58 60.0 281.8 1828 1.06 3.4

286.3 9101 1.45 17.6 286.3 5869 1.66 18.8 286.2 6742 1.71 29.0 284.8 36270 1.84 68.1 244.8 43540 1.93 79.6

288.6 7429 1.28 12.9 288.6 4415 1.37 11.7 288.6 2886 1.52 11.0 286.4 10740 2.09 20.2 286.6 5629 1.35 10.3

288.9 4443 1.33 8.3 288.5 5513 1.49 10.1
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Fig. 10. The saturation magnetization of some NPs vs. their XPS peak areas: (1)
N 1s (Chs N) and (2) O 1s (O-N-Ti).

eV, 286.3, and 288.6 eV. The peak at 284.8 eV corresponds to the carbon
instrumental contaminations (C—C bonds) [46]. The second peak was
attributed to the C—O bonds [44], and the third one - to the C=0 bonds
[46,79], respectively. It should be noted, that in the samples residual
amounts of carbonyl compounds and adventitious carbon were un-
avoidable due to their exposition to air.

The determined values of BE, maximum height (hpax), FWHM, and
relative areas (in %) of all the fitted components are listed in Table 3.

Since the surface compositions and chemical states were determined
using XPS spectra, giving the binding energies of oxygen and titanium on
the particle surface, these data could provide some information con-
cerning the origin of magnetization in the NPs.

In Fig. 10 the data regarding some NPs from Table 3 shows two
dependencies of o5 vs. corresponded peak areas. A progressive increase
in the peak areas of N 1s (Chs N) and O 1s (O-N-Ti) components are
accompanied by an increase and decrease in o, respectively. As it was
already mentioned above, these two XPS components may be related to
the Vy and Vg defects.

The coexistence of Vi, Vy, Vo vacancies considered to study the
origin of ferromagnetic ordering in the Ti-N-O system. RTFM coupling
between two Vr; was enhanced after Vo and Vy, are introduced. The
electrons induced by the last vacancies mediate the long-range FM ex-
change interaction between two distant Vj, which produce local mo-
ments, while the electrons induced by Vg and Vyy could be mediated the
long-range FM exchange interaction [80]. However, Vg and Vy are the
concurrent species in the fight for interaction with Vr; sites. Because of
that, the Ti-N-O system does not achieve large o5 values compared to
that in the Ti-N or Ti-O system [22,23].

4. Conclusion

TiNy-TiOy aerosol-generated nanoparticles, ranging in average par-
ticle sizes from 27-120 nm, can be fabricated by using the levitation-jet
method through condensation of titanium vapor in an inert-gas flow
with an appropriate addition of reactive gas. Results from SEM, TEM,
BET, XRD, UV-vis, FT-IR, Raman, and XPS investigations demonstrate
the predominant role of nitrogen and oxygen vacancies at the interfaces
between titanium nitride, anatase, rutile, as well as the other mixed Ti-
N-O phases in the evolution of RTFM.

The synthesized mixed-phase nanoparticles are ferromagnetic at
room temperature with maximum saturation magnetization (o) of up to
0.14 emu/g and coercive force ranging in 40—130 Oe. The o values of
TiNx-TiOy NPs are dependent on the N/O ratio and reach maximum
when N and O vacancies content in as-prepared samples was the same.

Interestingly an increasing magnitude of certain FT-IR peak led win an
increase of o5 of NPs. An increase in o value takes place with a corre-
sponding increase in the area of defined XPS peaks for core-level N 1s
and a decrease in the peak area of core-level O 1s. For the first time, a
temporary “turn-off” effect of magnetization in hysteresis loops of some
NPs was discovered. This behavior may be interpreted in terms of the
defect structure of the phase interfaces, containing Ti, N, and O va-
cancies, whose concentrations and degree of interactions may be varied
by the NPs preparation procedure. The obtained results might be used to
develop knowledge regarding the origin of RTFM, as well as becoming
the base for developing advanced semiconducting materials for using in
the spintronic applications.
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