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a b s t r a c t

Detailed EPR investigations on as-grown and annealed TiO2 nanoparticles in the anatase and rutile
phases were carried out at X-band (9.6 GHz) at 77, 120–300 K and at 236 GHz at 292 K. The analysis of
EPR data for as-grown and annealed anatase and rutile samples revealed the presence of several para-
magnetic centers: Ti3þ , O� , adsorbed oxygen (O2

�) and oxygen vacancies. On the other hand, in as-
grown rutile samples, there were observed EPR lines due to adsorbed oxygen (O2

�) and the Fe3þ ions in
both Ti4þ substitutional positions, with and without coupling to an oxygen vacancy in the near neigh-
borhood. Anatase nanoparticles were completely converted to rutile phase when annealed at 1000° C,
exhibiting EPR spectra similar to those exhibited by the as-grown rutile nanoparticles. The high-fre-
quency (236 GHz) EPR data on anatase and rutile samples, recorded in the region about g¼2.0 exhibit
resolved EPR lines, due to O� and O2

� ions enabling determination of their g-values with higher pre-
cision, as well as observation of hyperfine sextets due to Mn2þ and Mn4þ ions in anatase.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Nanosize titanium dioxide (TiO2) exists at room temperature in
different phases, namely anatase, rutile and brookite. Pure single
crystals of TiO2 exist only in rutile structural phase. On the other
hand, only Fe3þ , Al3þ , Mg2þ impurities can stabilize anatase and
Mg2þ impurity stabilizes brookite phase [1,2]. TiO2 nanoparticles
have received considera Prod. Type: FTPble attention from ma-
terial researchers due to its interesting properties and many
technical applications. For example, TiO2 nanoparticles find usage
in paint (as pigments) [3], cosmetics [4], dielectrics [5], electro-
chromics [6], organic depollutant on windows [7], water/air
purifier and deodorizer [8], lithium-ion batteries [9], dye-sensi-
tized solar cells [10], gas sensors [11], catalyst supports [12],
photocatalysis [13], photo voltaic cells [14], luminescent [15],
biomaterials [16]. Such a vast range of applications is possible due
to the two commonly occurring polymorphs of TiO2, rutile and
anatase, which are significantly different in their physical and
electronic properties [17]. Particle size, besides other parameters,
plays an important role in determining the properties of TiO2. For
l University, 18 Kremlevskaya
example, energy bandgap of bulk anatase is about 3.2 eV, while
the 5–10 nm size anatase particle exhibits a band gap which
is∼0.1–0.2 eV higher than that of bulk anatase [17]. This bandgap
increase gives an advantage to nanosized TiO2 over the bulk TiO2

in some specific applications where increased band gap is re-
quired, an example being photovoltaic devices. Recently ferro-
magnetism up to 880 K was found both in thin films of TiO2 [18]
and nanoparticles of TiO2 [17]. It was found, that saturation
magnetization increased with long annealing in vacuum. The fer-
romagnetism disappears after annealing in oxygen atmosphere,
being converted to the paramagnetic state [19]. Several methods of
synthesis of TiO2 nanoparticles have been reported in the litera-
ture, e.g., sol–gel [20], hydrothermal [21], citrate-gel [22], hydro-
lysis [23], or gas-phase pyrolysis of titanium tetrachloride [24],
direct oxidation of titanium platelets [25], metal organic chemical
vapor deposition (MOCVD) [26].

It is interesting to compare the properties of anatase and rutile
nanoparticles, which possess such different surface morphologies.
The technique of electron paramagnetic resonance (EPR) is very
sensitive to the investigation of defects or paramagnetic centers in
oxides, and thus quite capable of revealing such differences. The
present paper is devoted to a detailed EPR study of as-grown
anatase and rutile samples, as well those of annealed samples. The
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purpose of this work, among others, is to confirm the conversion
from anatase structure to rutile structure by annealing in air at-
mosphere by EPR. To this end, several samples of anatase, an-
nealed at different temperatures from 700 °C to 1000 °C, were
investigated by EPR. In addition, the EPR spectra are exploited to
reveal the presence of paramagnetic centers in anatase and rutile
phases of TiO2, namely the presence of O- and Ti3þ ions in anatase
and rutile TiO2 nanoparticles.
2. Relevant EPR studies

EPR has been widely used in the study of TiO2 nanoparticles.
There have been reported several EPR studies of anatase and rutile
TiO2 polycrystals and nanoparticles [27–40]. They reveal presence
of the paramagnetic centers: oxygen ions, O-, oxygen vacancies,
and the titanium ion, Ti3þ . The following reactions produced
oxygen and titanium ions in these samples by IR or X-ray irra-
diation: O2�þhþ¼O� , Ti4þþe�¼Ti3þ . Usually, the oxygen and
titanium ion are observed in anatase and rutile nanoparticles with
different relative intensities, depending on the irradiation and
annealing in neutral or oxygen atmosphere, as well on the locali-
zation on the surface or in the core of nanoparticles. EPR of oxygen
ions with trapped hole (O�) in single crystals of anatase were
investigated by Grunin et al. [27] (gx¼2.0029, gy¼2.0140,
gz¼2.0265) and those in rutile by Yang et al. [28] (gx¼2.0040,
gy¼2.0129, gz¼2.0277). EPR studies of the titanium ion (Ti3þ)
with trapped electron in single crystal of TiO2 of anatase
were reported by Sekiya et al. [29] (gx¼1.993, gy¼1.993,
gz¼1.964) and those in rutile by Chester [30] (gx¼1.9732,
gy¼1.9765, gz¼1.9405).

Temperature treatment of irradiated anatase TiO2 powder by
EPR was reported by Nakaoka et al. [31]. They found that photo-
produced holes were trapped at the surface in untreated powder,
forming Ti4þO�Ti4þOH� , while they were trapped on the surface
in heated powder, forming Ti4þO2�Ti4þO� . Photoproduced elec-
trons trapped Ti3þ at the surface of unheated powder, while they
trapped Ti3þ at the inner part of heat-treated powder. Effect of
crystal size on the surface defects of anatase nanoparticles was
reported by Kongsuebchart et al. [32]. They showed that the ratios
of surface defect/specific surface area increased with increasing
TiO2 crystal size, which led to higher photocatalytic activity. En-
hancement of catalyst activity of rutile and rutile/anatase com-
position was investigated by Canevali et al. [33]. They found that
the EPR spectra recorded under UV irradiation show enhanced
charge separation in sol–gel samples, showing higher amount of
O� species after irradiation. Illumination of TiO2 anatase and rutile
powder at 4.2 K resulted in the detection of electrons being trap-
ped at Ti4þ sites within the bulk, and the holes being trapped at
lattice oxide ions at the surface [34]. Xiong et al. [35] investigated
dynamics of Ti3þ ions on the surface of TiO2 nanoparticles. Chiese
et al. [36] studied electron localization in the process of trapping in
TiO2 nanoparticles. The problem of localization of electron spin
density was tackled by means of pulse-EPR hyperfine techniques
on samples enriched with 17O. This approach led to the evidence of
a substantial difference in terms of wavefunction localization be-
tween anatase (electrons trapped at regular lattice sites exhibiting
delocalized electron density) and rutile (interstitial sites showing
localized electron density). Macdonald et al. [37] also investigated
trapping in TiO2 nanoparticles. They found that irradiation in va-
cuum, in the absence of reactants, produced weak EPR signals of
O� and Ti3þ ions. Sun et al. [38] investigated EPR spectra of
F-centers (oxygen vacancy with trapped electron) in nanoparticles
of anatase, finding an EPR signal at g¼2.0034. Their results
showed, that the kinetics of F-centers is dominated by surface
processes, rather than by bulk processes. Coronado et al. [39]
investigated surface characteristics of irradiated nanostructured
TiO2. They found that the behavior of the samples, as prepared by
hydrothermal (H) and thermal (T) treatments are different under
UV irradiation. They found that the samples of H series after ir-
radiation show some Ti3þ centers, while only weak signals asso-
ciated with oxygenated radicals were observed for T samples,
because these radicals are thermally unstable. Komagichi et al.
[40] investigated electron transfer from anatase to rutile in re-
duced TiO2 nanoparticles, finding that trapped electrons can be
transferred from anatase phase to rutile phase by photoexcitation.
EPR spectra of the Fe3þ ion in single crystals of rutile and anatase
have been reported [41–44]. On the other hand, EPR spectra of the
Fe3þ ion in polycrystalline TiO2 were investigated [45,46], and
low-field EPR signals were observed. Such signals have also been
detected in rutile colloid particles [47]. Several investigations of
colloidal anatase [48] and TiO2 nanoparticles have been
reported [49–52]. Annealing of TiO2 nanoparticles in air leads to
the formation of paramagnetic centers, mainly oxygen vacancies
[31,35].
3. Structure of rutile and anatase

Both anatase and rutile have tetragonal crystal structures, but
they belong to different space groups. Anatase possesses the space
group I41/amd structure [53] with four formula units in the unit
cell, whereas rutile possesses the space group P42/mnm [53]
structure with two TiO2 formula units in one unit cell [54,55]. The
low-density solid phases of anatase are less stable and undergo
transition to rutile in the solid state. The transformation is ac-
celerated by annealing and occurs at temperatures between 450
and 1200 °C [56]. It is dependent upon several parameters, such as
initial particle size, initial phase, dopant concentration, reaction
atmosphere and annealing temperature [57,58]. The conversion
from anatase structure to rutile structure when annealing at at-
mosphere pressure starts at 600 °C and becomes completed at
1000 °C [59]. The titanium and oxygen atoms are more tightly
packed in rutile structure. Anatase and rutile structures can be
described in terms of chains of TiO2 octahedra. In rutile structure,
each Ti4þ ion is surrounded by an octahedron of six O2� ions. The
octahedron in rutile is not regular, showing a slight orthorhombic
distortion. The octahedron in anatase is significantly distorted so
that its symmetry is lower than orthorhombic. The Ti–Ti distance
in anatase is greater whereas the Ti–O distances are shorter than
in rutile. In the rutile structures each octahedron is in contact with
10 neighbor octahedrons (two sharing edge oxygen pairs and eight
sharing corner oxygen atoms), whereas in the anatase structure
each octahedron is in contact with eight neighbors (four sharing
an edge and four sharing a corner). These differences in lattice
structures cause different mass densities and electronic band
structures for the two forms of TiO2. Anatase can be conceived as
an arrangement of parallel octahedra, while in the case of rutile
some octahedra are rotated by 90°. During conversion from ana-
tase to rutile there occures a symmetry change from I41/amd to
P42/mnm space group in terms of reconstructive polymorphism.
As a consequence, the ionic mobility that occurs during phase
transition results in increased densification and coarsening of TiO2

nanoparticles.
In anatase the Ti4þ ion is surrounded by six octahedrally co-

ordinated oxygen ions with the point symmetry D2d [27]. The
oxygen octahedra are distorted with two long Ti–O bonds and four
shorter bonds. In rutile phase the point symmetry for the Ti4þ ion
is D2h [60]. The symmetry of the normal O site is C2v, both in rutile
and anatase structures [27,61].



Fig. 1. X-ray diffraction (XRD) patterns of TiO2 nanopowder samples in rutile and
anatase phases. The peaks positions and linewidths show well crystallized anatase
(A) and rutile (R) phases with crystallite (Scherrer) size∼15 nm.
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4. Synthesis and characterization of rutile and anatase
nanopowders

In the present work, titania (TiO2) nanoparticles, both in ana-
tase and rutile phases, were synthesized in small amounts (∼1–
2 g) by the hydrolysis of titanium tetrachloride, which contained
trace amount of Fe3þ whose EPR spectrum was detected.
(i) Rutile. TiO2 nanopowder, as obtained from acidic (∼0.5 pH)
suspension, aged for about 24 h dried and annealed at 400 °C for
30 min, showed well crystallized rutile peaks in its XRD pattern as
shown in Fig. 1. (ii) Anatase. TiO2 nanopowder, obtained from the
�8 pH -treated suspension, low temperature dried and annealed
at 400 °C for 30 min, showed clean XRD peaks due only to the
anatase TiO2 phase. Phase and crystallinity of the fine powders of
rutile and anatase were checked by examining their X-ray dif-
fraction patterns by the use of an Xpert pro-model and Cu Kα ra-
diation. It is noted that good photocatalytic performance is ob-
tained with heat-treated titanium dioxide at temperatures be-
tween 450 °C and 600 °C where EPR spectra of complexes of the
Fig. 2. Transmission electron microscope (TEM) images of (A) rutile, and (B) anatase
morphology is nearly spherical. The rutile nanocrystallites form bunchy-leaves-like self
trivalent titanium ions and other localized magnetic centers often
coexist. The content of these localized magnetic centers sig-
nificantly affects their physical properties, which play an appro-
priate role in their applications.

The TEM images of rutile and anatase powders, respectively,
are shown in Fig. 2(A) and (B). They reveal that TiO2 particles are
more or less spherically shaped with the particle size being be-
tween 10 and 15 nm, which corroborates with the Scherrer sizes,
obtained from X-ray diffraction patterns. The rutile particles are
seen to have aggregated in a particular manner, forming rod-like
clusters. These rods appears to be coming together to form flower,
or leafy bunch, like groups, thereby suggesting self-assembly. On
the other hand, the nearly spherical anatase particles appear to
have aggregated randomly.

Annealing. Anatase nanoparticles were annealed in air atmo-
sphere at 700 °C, 800 °C, 900 °C, and 1000 °C for 30 min. On the
other hand, rutile nanoparticles were also annealed at 900 °C in air
and nitrogen gas atmospheres for one hour to ensure removal of
any anatase component.
5. Experimental

5.1. Spectrometers

The EPR spectra were recorded using an X-band Bruker ER
200D – SRC spectrometer at Concordia University, and a high-
frequency 236.64 GHz EPR spectrometer at ACERT EPR center,
Cornell University, Ithaca, New York, USA. The measurements were
carried out in the temperature range 77, 110–300 K at X-band
using a variable temperature Bruker accessory for low-tempera-
ture measurements. At 236.64 GHz the magnetic field was swept
only in the region about g¼2.00, that is in the range of magnetic
field from 8.36 to 8.54 T, to obtain a better resolution of EPR lines
at about g¼2.00. This was further enhanced by using several
sweeps, up to 150, to increase the intensity of very weak EPR
signals, as listed in Table 1.
TiO2 nanoparticles. The average particle size in both phases is ∼15 nm, and the
-assembly pattern (A).



Table 1
A list of the various paramagnetic centers observed in anatase and rutile nanoparticles. (The corresponding g-values for these centers are listed in the captions to Figs. 8, 10–
12). Here O� – ionized oxygen ion, Ti3þ – titanium ion, O2

� – ionized adsorbed oxygen, F center – oxygen vacancy with trapped electron. The number of scans to record EPR
spectra at 236 GHz is also listed. (The annealed samples are annealed in air, unless otherwise stated.)

Sample 295 K (9.6 GHz) 77 K (9.4 GHz) 292 K (236 GHz) (8.36–
8.54 T)

Anatase
As-grown annealed at
400 °C

O� , O2
� , Ti3þ , F center O� , O2

� , Ti3þ , F center F center, 9 scans

Annealed at 700 °C
(30 min)

No EPR signal No EPR signal F center (weak signal) 31
scans

Annealed 800 °C (30 min) F center, O2
� (weak signals) F center, O2

� F center, Mn2þ 20 scans
Annealed at 900 °C
(30 min)

F center, (weak signals) F center F center, Mn2þ , Mn4þ 50
scan

Annealed at 1000 °C
(30 min)

No EPR signal O� , O2
� , Ti3þ , F center (weak signals) O� , Ti3þ , F center (weak

signals) 110 scans
Rutile
As-grown annealed at
400 °C

Fe3þ(substitutional), Fe3þ(substitutional, with oxygen
vacancy in vicinity), O2

�
Fe3þ(substitutional), Fe3þ(substitutional, with
oxygen vacancy in vicinity), O2

�
O� , Ti3þ , F center, Mn4þ 124
scans (8.14–8.54 T)

Annealed at 800 °C No data No data O� , Ti3þ , F center 150 scans
Annealed at 900 °C, 60 min Fe3þ (substitutional), Fe3þ(substitutional, with oxygen

vacancy in vicinity), O2
� (weak signals)

Fe3þ (substitutional), Fe3þ (substitutional, with
oxygen vacancy in vicinity), O2

�
No data

Annealed at 900 °C, nitro-
gen gas, 60 min

No EPR signal No EPR signal No data
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5.2. EPR spectra

Table 1 lists the various EPR signals observed in anatase and
rutile samples. Fig. 3 exhibits the temperature dependence of
X-band EPR spectra of as-as-grown anatase nanoparticles. Fig. 4
shows 236-GHz EPR spectra of as-grown anatase samples at 292 K.
Fig. 5a–c show the X-band EPR spectra of the anatase sample
annealed at 1000 °C at 295 K, 77 K and the central part (g∼2.00) of
the spectrum at 77 K, respectively. Fig. 6a–d show the 236-GHz
EPR spectra at 292 K of anatase samples annealed at 700 °C,
800 °C, 900 °C, and 1000 °C, respectively. Fig. 7 exhibits the tem-
perature dependence of the X-band EPR spectrum of as-grown
rutile nanoparticles. Fig. 8 shows the 236-GHz EPR spectra of as-
grown rutile sample at 292 K; the inset to Fig. 8 shows the cor-
responding X-band spectrum. Fig. 9a and b, respectively, exhibit at
295 K and at 77 K the X-band EPR spectra of rutile nanoparticles
annealed at 900 °C in air and in nitrogen atmospheres. Fig. 10
Fig. 3. X-band (9.6 GHz) EPR spectra of as-grown anatase TiO2 nanoparticles at
various temperatures in the range 105–290 K. N.B. The spectrum at 77 K is at
9.4 GHz, and therefore the corresponding lines appears slightly shifted to lower
fields.

Fig. 4. The central part (g�2.0) of 236-GHz EPR spectrum of as-grown anatase TiO2

nanoparticles at 292 K due to the F-center (g¼2.003).
shows the experimental and simulated EPR spectra of rutile
sample, annealed at 800 °C. Fig. 11 a–c, respectively, show ex-
perimental and simulated X-band EPR spectra of as-grown rutile
samples at 77 K, 77 K (central line spread over 0.30–0.38 T) and at
295 K. Fig. 12 a and b show experimental and simulated X-band
EPR spectra of as-grown anatase samples at 77 K (0.32–0.36 T),
and 295 K, respectively.

5.3. Anatase

5.3.1. As-grown samples
(a) X-band (77, 110–290 K): As shown in Fig. 3, at 290 K two

main EPR lines were observed, situated at 332 mT and 343.5 mT,
due to adsorbed oxygen (O2

�) and the Ti3þ ion and O� ion, re-
spectively, as confirmed by simulation (Section 5.3). They became
narrower and split with decreasing temperature. Finally, at 77 K
several EPR signals situated at 325.4, 333.8, 335.7, 340, 347.9 were
observed. (b) 236 GHz (292 K): The EPR spectra were recorded
from 8.36 to 8.54 T and are shown in Fig. 4. Only one EPR line at



Fig. 5. X-band EPR spectra of anatase TiO2 nanoparticles annealed at 700, 800, 900, 1000 °C at (a) 295 and (b) 77 K. The central part of the EPR spectrum of anatase sample
annealed at 1000° C is shown in Fig. 5(c).
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8.44 T, due to an electron trapped by oxygen vacancy (F-center),
was observed in this sample in the magnetic field range in-
vestigated. It is much narrower than that at X-band, presumably
due to line narrowing at high frequency (10/3: exchange narrow-
ing) [62].

5.3.2. Annealed samples
(a) X-band (77 K): Fig. 5a and b show the EPR spectra for

anatase samples annealed at 700 °C, 800 °C, 900 °C, 1000 °C at 295
and 77 K, respectively; a magnified view of the central part of the
spectrum of the sample annealed at 1000 °C at 77 K is shown in
Fig. 5c. It is seen from Fig. 5b that there is a semblance of only a
very weak signal located at 335 mT in the anatase sample an-
nealed at 700 °C. The intensity of this signal gradually increases in
samples with increasing annealing temperature at 800 and 900 °C.
The EPR spectrum in the sample annealed at 1000 °C is different
from those annealed at lower temperatures; only two very weak,
broad lines centered at 324.5 mT and 345.2 mT (average) appeared
at 77 K. The latter EPR line consists of three narrow EPR lines, at
342.2, 345.0, and 350.0 as shown in Fig. 5c. (b) 236 GHz (292 K):
The EPR spectra for anatase samples annealed at 700 °C, 800 °C,
900 °C, 1000 °C, recorded from 8.36 to 8.54 T, are shown in Figs. 6
a–d, respectively. As seen from Fig. 6a, there appears only one
unsplit EPR signal, 8.44 T. However, in Fig. 6b and c for the samples
annealed at 800 °C and 900 °C, respectively, this signal appears
split, which is due to the appearance of hyperfine (hf) central
sextet of the Mn2þ ion (8.452 T with the hf constant A¼8.0 mT),
where one of the hf lines overlap the line at 8.440 T. On the other
hand, in the EPR spectrum of the sample annealed at 900 °C, one
sees another hf central sextet due to the Mn4þ ion (8.502 T, with
hf constant A¼7.5 mT) not observed for the sample annealed at
800 °C. The intensity of the Mn2þ sextet relative to that of the
Mn4þ sextet becomes smaller, which is due to its oxidization
(increasing valence of Mn ion to Mn4þ) in air atmosphere. As for
the hyperfine sextets, it is noted that Mn4þ ions substitute for Ti4þ

ions in TiO2, whereas Mn2þ ions are present as impurity in in-
terstitial positions. For the sample annealed at 1000 °C, none of
the hf sextets due to Mn2þ and Mn4þ ions are observed as seen in
Fig. 6d. The intensity of the EPR signal at 8.44 T increases with
increasing annealing temperature of the samples. This is because
more oxygen vacancies are created with increasing annealing
temperature, contributing to the intensity of this signal, which is
due to an electron trapped by an oxygen vacancy (F-center) [38]. In
the anatase samples annealed at 1000 °C the EPR line at 8.440
decreases significantly in intensity, as shown in Fig. 6d. In addition,
in this sample a new EPR line appears, situated at 8.525 T, due to
Ti3þ ions, as confirmed by simulation (Section 5.4, Fig. 8) similar to
that observed in as-grown rutile sample at 236 GHz, shown in
Fig. 8, indicating that the sample has almost completely converted
to rutile after annealing at 1000 °C.

5.4. Rutile

5.4.1. As-grown samples
(a) X-band (77, 110–295 K): As shown in Fig. 7, at room tem-

perature the EPR spectrum consists mainly of three EPR lines situated
at 332 mT (most intense), at 314 mT, and at 308 mT, as shown in
more detail in the inset in Fig. 8, as well as of weak lines at low
magnetic fields at 80, 120, 160, 200, 260 mT (g¼8.3, 5.7, 4.3, 3.3, 2.6).
These weak lines increase in intensity as the temperature decreases,
becoming comparable to that of the central line at 332 mT at
temperaturesr190 K. (b) 236 GHz (292 K): An EPR spectrum was



Fig. 6. The central part (8.35–8.55) of the 236-GHz EPR spectrum at 292 K of anatase TiO2 nanoparticles annealed at (a) 700, (b) 800, (c) 900, (d) 1000 °C. The central
hyperfine sextets of Mn2þ (8.452 T) and Mn4þ (8.502 T) are clearly observed for the sample annealed at 900 °C, as shown in Fig. c. The sharp line at 8.440 T in the four
spectra is due to the F-center.

Fig.7. X-band (9.6 GHz) EPR spectra of as-grown rutile TiO2 nanoparticles at var-
ious temperatures in the range 110–290 K. The spectrum at 77 K is at recorded at
9.4 GHz, so that the corresponding lines appears slightly shifted to lower fields
relative to those at higher temperatures.

Fig. 8. The experimental and simulated central part (8.1–8.6 T) of 236-GHz EPR
spectrum of as-grown rutile TiO2 nanoparticles at 292 K. The inset shows the
corresponding central part of the EPR spectrum at 9.6 GHz at 295 K. The simula-
tions of 236-GHz EPR spectrumwas made using the following SH parameters – O�:
gx¼2.00, gy¼2.025, gz¼2.042, ΔBx¼15 mT, ΔBy¼5 mT, ΔBz¼7 mT; Ti3þ:
gx¼gy¼1.983 (the simulated line at 8.76 T for Ti3þ at gz¼1.930 is beyond the ex-
perimental range investigated, shown in the inset with magnification),
ΔBx¼ΔBy¼ΔBz¼1 mT; F-center: gx¼gy¼gz¼2.003, ΔBx¼ΔBy¼ΔBz¼1 mT.
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observed in the magnetic field range 8.14–8.54 T, consisting of four
EPR lines at 8.275, 8.346, 8.440 and 8.524 T, as shown in Fig. 8. In
addition, a hyperfine sextet of EPR lines, characterized by g¼1.997
and hyperfine constant A¼8.0 mT, was observed due to the Mn2þ

ion, similar to that reported in rutile sample doped with Mn [45].
5.4.2. Annealed samples: X-band
(a) (900 °C, 77, 295 K). The EPR spectra of the samples annealed



Fig. 9. X-band EPR spectra of rutile nanoparticles, annealed at 900 °C, in air and in nitrogen atmospheres: (a) at 295 and (b) at 77 K. The lines are identified by comparing
with the corresponding EPR in as-grown rutile samples.

Fig. 10. The central part (g∼2.0) of 236-GHz EPR spectrum of rutile nanoparticles
annealed at 800 °C at 292 K. The simulation is done using the following SH para-
meters – F-center: gx¼gy¼2.003, gz¼2.004, ΔBx¼ΔBy¼ΔBz¼1.0; Ti3þ: gx¼1.983,
gy¼1.983, gz¼1.930, ΔBx¼ΔBy¼ΔBz¼1.8 mT; the simulated line for Ti3þ at
g¼1.930 is beyond the experimental range investigated, shown here in the inset
with magnification. These g-values are consistent with those used for the simula-
tion at X-band (Fig. 12).
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at 900 °C in air and nitrogen gas are different from each other as
shown in Fig. 9a and b at 295 K and 77 K, respectively. The very
narrow EPR line observed at 335 mT is due to F-center and the
broad line at 324 mT at 77 K is due to adsorbed oxygen (O2

�1) in
the sample annealed in air. These lines are not present at both 77 K
and 295 K in the sample annealed in nitrogen. The low-field EPR
lines, observed in the range 50–200 mT, due to the Fe3þ ion, as
simulated in Section 5.3 are observed in both the samples at 77 K.
(b) 236 GHz (800 °C, 292 K): The EPR spectrum of the sample
annealed at 800 °C is shown in Fig. 10, which also includes the
simulated spectrum as described in Section 6. Two EPR signals
were observed, located at 8.440 T and 8.525 T, similar to those
observed in as-grown rutile sample, as shown in Fig. 8, except for
the hyperfine sextet. The split line at 8.44 T in Fig. 10 is due to an
oxygen vacancy with trapped electron (F-center), showing the
increased resolution of this line (with anisotropic g-value) at the
high frequency of 236 GHz. It was shown by the use of density
functional approach that the F-centers with anisotropic g-values
(gx¼gy¼2.003 and gz¼2.004) belong to the surface of nano-
particle, while F-centers with isotropic g-values (g¼2.003) belong
to a core of nanoparticle [63]. The split line at 8.44 T in Fig. 10 is
due to an oxygen vacancy with trapped electron (F-center),
showing the increased resolution of this line (with anisotropic g-
value) at the high frequency of 236 GHz [63]. The EPR line at
8.524 T is similar to that for as-grown rutile (Fig. 8) due to the Ti3þ

ion. (The higher resolution at 236 GHz made it possible to observe
very weak Ti3þ lines, not observed at X-band).

5.5. Simulations of EPR spectra

Simulations were carried out to reproduce observed spectra for
a better understanding, as explained below.

(i) The following spin Hamiltonian (SH) was used for the simu-
lation of EPR spectra of Ti3þ . and oxygen vacancy with trapped
electron (F-center), ionized oxygen (O�), and adsorbed oxygen
(O2

�), all characterized by S¼1/2 in anatase and rutile:

B g S: . . 1S Bμ= ( )

which represents the Zeeman interaction, with B, g and μB

being the magnetic-field intensity, g-matrix and the Bohr
magneton, respectively. The spectra, so simulated, are shown
in Figs. 10 (O� and Ti3þ), 11a–c (O2

�) and 12 (O2
� , O� and

Ti3þ), for annealed rutile, as-grown rutile, and as-grown
anatase samples, respectively. The SH parameters used for
simulations are listed in the respective, where the gi (i¼x,y,z)
are diagonal components of the g-matrix and ΔBi are the EPR
linewidths.

(ii) The following spin Hamiltonian was used for simulation of the
EPR spectrum of Fe3þ (S¼5/2), appropriate to four-fold sym-
metry consistent with tetragonal structure in rutile [27, 53, 61]:
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In Eq. (2), g||, g⊥ are the g-values parallel and perpendicular to
magnetic Z-axis; S (¼5/2) is the electron spin operator; Bn

m are the
spin-Hamiltonian parameters and On

m are Stevens operators
( B D3 2

0 = , B E2
2 = ); n¼2,4, m (rn)¼0, 2, 4 [64]. The spectra, so

simulated, are shown in Fig. 11a, with the SH parameters being
listed in Table 2. The Fe3þ EPR spectrum consisting of the lines
situated at 80, 120, 200, 260 mT, observed in rutile nanoparticle
(Figs. 7 and 11) at low magnetic-field values, were simulated using
the initial SH parameters for the Fe3þ ions substituting for the
Ti4þ ion in rutile, as reported in [41], using an approach to that
used for simulation of Fe3þ EPR spectra in SnO2 nanoparticles at



Fig. 11. The experimental and simulated EPR spectra of as-grown rutile sample at 9.4 GHz. Fig. 11a shows the EPR lines due to (i) the Fe3þ ion in substitutional position (Fe1:
S¼5/2, 4 lines), (ii) the Fe3þ ion in substitutional position coupled to an oxygen vacancy (Fe2: S¼5/2, there is seen only one line in the field range investigated due to a rather
large zfs), and (iii) adsorbed oxygen O2

� (S¼1/2), shown in more detail in Fig. 11b. The SH parameters used for simulating the lines due to the two types of Fe3þ ions in
Fig. 11a are listed in Table 2, whereas those for adsorbed oxygen (O2

�) is made using the following SH parameters: O2
� at 77 K: gx¼2.06, gy¼2.06, gz¼2.15, ΔBx¼ΔBy¼5 mT,

ΔBz¼10 mT. Fig. 11c shows the EPR spectrum of adsorbed oxygen (O2
�) at 295 K; the simulation is made with the following parameters: gx¼gy¼2.06, gz¼2.18,

ΔBx¼ΔBy¼4.6 mT, ΔBz¼6 mT.

Fig. 12. The experimental and simulated X-band EPR spectra of as-grown anatase TiO2 nanoparticles at (a) 77 and (b) 295 K. The simulations are done using the following SH
parameters: (a) 77 K – Ti3þ: gx¼gy¼1.983, gz¼1.930, ΔBx¼ΔBy¼ΔBz¼2 mT; O�: gx¼2.00, gy¼2.00, gz¼2.02, ΔBx¼ΔBy¼ΔBz¼1.4 mT; O2

�: gx¼2.07, gy¼2.05, gz¼2.17,
ΔBx¼ΔBy¼2 mT, ΔBz¼5 mT; (b) 295 K – Ti3þ: gx¼1.993, gy¼1.993, gz¼1.955, ΔBx¼ΔBy¼ΔBz¼2 mT; O2

�: gx¼gy¼2.06, gz¼2.18, ΔBx¼ΔBy¼4.6 mT, ΔBz¼6 mT.

Table 2
Spin Hamiltonian parameters used for the simulation of X-band rutile EPR spectra of the Fe3þ ions in Ti4þ substitutional positions and Ti4þ substitutional positions coupled
to an oxygen vacancy, as shown in Fig. 11 (S¼5/2).

Species gx¼gy¼gz D¼ b2
0¼3B2

0 (mT) B2
2 (mT) B4

0 (mT) B4
4 (mT) ΔBx ¼ΔBy (mT) ΔBz (mT)

Fe3þ substitutional 2.000 726.1 78.8 2.3 16.3 4 1.6
Fe3þ substitutional (coupled to oxygen vacancy) 2.000 520.0 160.0 – – 4 4
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236 GHz [65,66]. The EPR line at 160 mT in Fig. 11 is due to another
Fe3þ ion coupled to an oxygen vacancy [42], with the parameters
listed in Table 2; only one line is seen due to the rather large values
of the zero-field splitting parameters

5.6. Analysis of observed EPR spectra

Here the assignments of the EPR lines to the various para-
magnetic centers are based on the similarity of the SH parameters
to those reported in the literature.

5.6.1. Anatase
5.6.1.1. As grown. The X-band EPR spectra at 77 K in anatase na-
noparticles (Fig. 12) show the presence of (i) O� (S¼1/2, gx¼2.00,
gy¼2.01, gz¼2.03), (ii) adsorbed oxygen O2

� (S¼1/2, g¼2.07), (iii)
oxygen vacancy with trapped electron (F-center) (S¼1/2,
g¼2.003, narrow EPR line), (iv) Ti3þ ion (S¼1/2, gx¼1.97, gy¼1.97,
gz¼1.93). All these EPR signals have been reported previously
[31,35,54]. The SH parameters for the Ti3þ ion in anatase nano-
particle are closer to their values in TiO2 anatase single crystal [29]
at 295 K, but those at 77 K are closer to their values in rutile
crystals [30].

5.6.1.2. Annealed. The strong EPR signal at g¼2.003 in the samples
annealed in air at 800 °C, 900 °C is due to oxygen vacancy with
trapped electron [38,67]. It was not observed in the sample an-
nealed at 1000 °C.

5.6.2. Rutile
5.6.2.1. As grown. The X-band EPR spectra due to the Fe3þ ion in
substitutional position, described by the SH given by Eq. (2), as
shown in Fig.11a, have been widely reported in the literature [45–
50], but a simulation was only carried out in the present work to
confirm their presence. They are due to the Fe3þ ion in Ti4þ

substitutional position, with (1 line, 160 mT) and without (4 lines)
coupling to an oxygen vacancy in nearest vicinity. The EPR line at
160 mT is similar to that observed for charge-compensated Fe3þ

ion in anatase powder [42]. Only one EPR line, due to adsorbed
oxygen (O2

�), was observed at 77 K at 324.5 mT, as shown in
Fig. 11b. The central broad EPR signal at 324.5 mT in Fig. 8 (inset) is
due to adsorbed oxygen (O2

�). At room temperature it consists of
three EPR lines at 332 mT (most intense), 314 mT and 308 mT as
shown in Fig. 11c. In the EPR spectrum at 236 GHz of as-grown
rutile sample, shown in Fig. 8, the EPR lines at 8.275 T, 8.346 T and
8.44 T are due to O� ion, as confirmed by the simulation with the
SH parameters listed in the caption to Fig. 8, whereas the EPR line
at 8.525 T is due to the Ti3þ ion. These lines are not observed at
X-band because of their very low intensity; they become observed
at 236 GHz only after several (up to 150) magnetic field sweeps.

5.6.2.2. Annealed:. As seen from Fig. 9a, b the rutile sample an-
nealed at 900 °C in air exhibited EPR signals at 2.003 and 2.066,
due to an F-center and adsorbed oxygen (O2

�), respectively, as
discussed in Section 5.2, whereas that annealed in nitrogen at-
mosphere did not exhibit these lines. The EPR spectrum at
236 GHz of rutile sample annealed at 800 °C (Fig. 10) is similar to
that observed in as-grown rutile sample (Fig. 8).

5.6.3. Differences between the EPR spectra of anatase and rutile
nanoparticles

Anatase nanoparticles exhibit EPR spectra due to the presence
of Ti3þ and O� ions, adsorbed oxygen (O2

�1), F-centers (oxygen
vacancy with trapped electron). Annealing anatase samples at
700–900 °C, increases the intensity of the signals due to the
F-centers; this signal disappears in the sample, annealed at
1000 °C. The EPR spectra in rutile nanoparticles reveal, in general,
the presence of the same paramagnetic centers as in anatase
samples. However, the intensities of the EPR signals due to Ti3þ

and O� ions, and F-centers are considerably reduced, as compared
to those in anatase samples. Furthermore, the EPR spectra in rutile
samples clearly indicate the presence of Fe3þ ions in (i) Ti4þ

substitutional position, and (ii) in Ti4þ substitutional positions
with oxygen vacancy in nearest vicinity. Annealing rutile samples
in air increases the intensity of the EPR signal due to adsorbed
oxygen (O2

�).

5.6.3.1. Transition from anatase to rutile:. Usually, when annealing,
the transition from anatase to rutile structure begins at 600 °C and
becomes completed at 1000 °C [50]. In the present work, the EPR
spectrum at 236 GHz in anatase nanoparticles, annealed at
1000 °C, is similar to that in as-grown rutile nanoparticles (see
Figs. 8 and 6d), whereas the EPR spectra at 236 GHz of anatase
nanoparticles, annealed at 700, 800, 900 °C are similar to those in
as-grown anatase nanoparticles (see Fig. 5 and 6a–c). The same
transition is found when one compares the EPR spectra in the samples
annealed at 900 °C and 1000 °C at X-band (Fig. 5a). This indicates
that the transition from anatase to rutile phase occurs for an-
nealing between 900° and 1000 °C. It is noted that the impurities
and synthesis conditions (pH of growth solution) can change the
conditions of stabilization of anatase and rutile nanoparticles,
which may lead to increasing transition temperature.

5.6.3.2. Morphology and surface defects:. The above discussion of
EPR spectra indicates that rutile structure of TiO2, synthesized
from acid solution (0.5 pH), is characterized with less defects, than
the anatase structure, synthesized from strong (8 pH) acid solu-
tion. It can be related to the morphology of rutile and anatase
nanoparticles as follows. In rutile nanoparticles, which have ag-
gregated, forming flower, or leafy bunch, like groups, probably all
defects have been compensated. On the other hand, anatase na-
noparticles aggregated preferably in spherical shape, thus pos-
sessing larger free surface, with more surface defects, such as
oxygen vacancies.
6. Conclusions

In addition to reviewing published research on EPR in rutile
and anatase nanoparticles of TiO2, new detailed variable-tem-
perature EPR data have been obtained on the samples prepared
here at X-band (∼9.5) GHz and at high-frequency (236 GHz); the
latter only in the region about gE2.00, in order to confirm, among
others, the conversion from anatase structure to rutile structure by
annealing and to study the formation of various paramagnetic
defect centers in anatase and rutile phases of TiO2.

The salient features of the X-band and high-frequency EPR in-
vestigations made here on as-grown and annealed anatase and
rutile TiO2 nanoparticles are as follows:

(1) The observed EPR spectra indicate the presence of Ti3þ ions,
O� ions, F center (oxygen vacancy with trapped electron),
adsorbed oxygen (O2

�) ions in as-grown anatase and rutile
nanoparticles.

(2) Anatase nanoparticles annealed at 700, 800, 900 °C exhibit
increasing intensity of the EPR line due to F center (oxygen
vacancy coupled to a trapped electron) with increasing an-
nealing temperature.

(3) Annealing of anatase nanoparticles at 1000 °C led to complete
conversion to the rutile phase.

(4) The EPR spectra in as-grown rutile TiO2 nanoparticles revealed
the presence of Fe3þ impurities, both in the substitutional
position and in the substitutional position coupled to an



S.K. Misra et al. / Journal of Magnetism and Magnetic Materials 401 (2016) 495–505504
oxygen vacancy in the vicinity on the surface of nanoparticles.
(5) The high frequency measurements at 236 GHz have enabled

determination of the anisotropy of the F-center [63] in the
rutile sample annealed in air at 800 °C,not possible at X-band.
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