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E. Silva Junior,*® F. A. La Porta,® M. S. Liu,® J. Andrés,© J. A. Varela® and E. Longo?

The focus of this paper is on the analysis of the structural and electronic order—disorder effects at long,
medium and short ranges of titanium dioxide (TiO,) nanoparticles synthesized by the sol—-gel process fol-
lowed by the microwave-assisted solvothermal (MAS) method at low temperatures and short reaction
times. X-ray diffraction (XRD), Rietveld refinement, micro-Raman (MR) spectroscopy, transmission elec-
tron microscopy (TEM) and X-ray spectroscopy (EDX) were used to characterize the TiO, nanoparticles.
Optical properties were investigated by ultraviolet-visible (UV-vis) and photoluminescence (PL) measure-
ments performed at room temperature. XRD and Rietveld refinement confirmed the presence of
the anatase and brookite phases; nonetheless anatase is the major phase. The X-ray photoelectron
spectroscopy (XPS) analysis revealed the presence of only Ti** but the nonstoichiometry revealed that
TiO, NPs contain defects assigned to oxygen vacancies that lead to structural and electronic order—dis-
order effects observed by band gap narrowing and PL wide band emission. These intermediary energy
levels (shallow and deep levels) created within the band gap act as acceptors/donors of electrons and
recombination centers. The oxygen vacancies (V5*, Vo™ and V™) responsible by degree of structural
order—disorder are related to distortions (tilts) on the [TiOg] octahedron and changes in the bond lengths
and bond angles between oxygen and titanium atoms that gave rise to new species of cluster makers
such as [TiOgl, [TiO5Vo™, [TiOsVe'l and [TiOs V™1, This structural transformation is consistent with a
redistribution of electron density from highly ordered [TiOg]* clusters which form distorted [TiOg]" as well
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factors such as particle size, morphology, pH, etc.® Phase stabi-
lity and phase transformation kinetics are substantially

Introduction

Titanium dioxide (TiO,) is a versatile material which is utilized
in a range of technological applications which embrace areas
ranging from photovoltaic cells and photocatalysis to gas
sensors.' ™ TiO, properties depend strongly on the particle
size, crystal structure, morphology and crystallinity.>”” Natural
polymorphs of titania (TiO,) include rutile (P42/mnm), anatase
(142/amd) and brookite (Pcab) with wide band gaps of 3.02,
3.20 and 2.96 eV, respectively. Each phase has unique physical
properties, and phase transitions are dependent upon many
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different in nanosized solids as compared to their bulk
counterparts. A typical example of this phenomenon is that
TiO, nanoparticles (NPs) have a stable rutile phase in bulk
materials; however, the anatase phase becomes stable in TiO,
NPs at a size smaller than 14 nm.° The theoretical background
to this phenomenon has been provided based on ab initio
density functional theory (DFT) calculations.'®

From a structural point of view, all three crystal structures
consist of six-fold coordinated Ti atoms made up of [TiOg]
clusters and three-fold coordinated O atoms which share
either edges or corners. The [TiO4] octahedron can be con-
sidered as constituent clusters of TiO, but with different
arrangements of neighboring and distorted [TiO¢] cluster-
sharing oxygen atoms where they form three different crystallo-
graphic structures."”*® In this family, [TiOs] octahedral clus-
ters, in particular, exhibit marked structural flexibility and the
structural distortion from rotation/tilting does not disrupt the
corner-sharing connectivity in these frameworks. Galynska
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and Persson'’ carried out quantum chemical calculations to
show that the different TiO, forms of the three polymorphs
can be clearly distinguished based on structural characteristics
associated with the local bonding environment of the constitu-
ent atoms.

As basic units, electronic structures of these clusters are
drastically affected by structural order-disorder effects, and
control of these lattice disorders in NPs is essential for devel-
oping nanomaterials tailored to specific optical properties and
further applications. It is only by probing these phenomena
locally that we can hope to link the structure and functionality
of materials and thus open pathways for predictive modelling
and synthesis. Very recently, Landmann and co-workers'® used
the distorted [TiOg] cluster and partial loss of this octahedral
coordination as fingerprints of order and disorder in the elec-
tronic and optical properties of crystalline and amorphous
TiO,.

The properties, size and morphology of the as-synthesized
nanomaterials are highly dependent on reaction conditions.
TiO, nanostructures with various morphologies and sizes have
been successfully synthesized using a variety of methods.'*"°
In comparison with other methods, the sol-gel technique has
advantages such as controllability, reliability and reproducibil-
ity which results in high quality and high purity materials.”**"
However, the polycondensation reaction of the sol-gel method
materials results in an amorphous phase or a low degree of
crystallinity.>* Thus, it is necessary to perform a crystallization
procedure, e.g. heat treatment by calcining, hydrothermal or
solvothermal processes.

Among the modern techniques of synthetic chemistry, the
microwave-assisted solvothermal (MAS) method is beneficial
in all areas.??*? In particular, the use of microwave heating for
the preparation of semiconductor nanomaterials has been
employed due to its advantages over other synthetic methods.
Primarily, the application of microwave irradiation on chemi-
cal transformations has been demonstrated to enhance reac-
tion rates and cost effectiveness as well as to improve material
quality and size distributions in nanomaterials and obtain
cleaner reactions as compared to conventional routes.>*>®
Because the mechanism and the microwave effects with syn-
thesis are not well understood, this area is an open research
field.>**' However, the MAS process promotes a nucleation-
dissolution-recrystallization mechanism that is an order-
disorder process which facilitates a non-classical crystalliza-
tion process.*”

In this context, an understanding of the formation of
energy gaps is directly related to the nature of electronic and
optical properties. The novelty of this work lies in the possi-
bility that TiO, might be used as sources of blue and red light
in light emitting devices in the future. Therefore, it is challen-
ging and of scientific interest to obtain deeper insights into
how structural and electronic properties can be related to
short- and/or long-range order-disorder effects to explain the
optical properties of TiO, NPs obtained by a sol-gel process
followed by the MAS method. To accomplish this deeper
insight, XRD, Rietveld refinement, MR spectroscopy, TEM and
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EDX analyses have been employed while optical properties
were investigated by UV-Vis absorption and PL measurements.
In addition, effects as well as the influence of the microwave
heating using the synthetic process are reported.

Experimental
Materials and methods

All chemicals were used as obtained without further purifi-
cation. Titanium(v) isopropoxide (97% purity, Aldrich), ethyl
alcohol anhydrous (99% purity, Fluka), hydrochloric acid
(36.5-38 wt%, Merck) and deionized water (Milli-Q ultra-pure;
resistivity of 18.2 M cm™") were maintained in a molar ratio of
1:20 and 0.75 : 4, respectively.

TiO, NPs were obtained by a two-step synthetic route based
on the sol-gel process followed by the MAS treatment as
follows: first, hydrochloric acid (3.11 mL) was added to ethyl
alcohol (75 mL) with stirring for 15 min. Then titanium(wv) iso-
propoxide (14.8 mL) was added using an ultrasonic cleaner for
agitation for 3 min; a slightly yellowish transparent solution
was produced which was stirred for 1 h. To promote the hydro-
lysis of metal alkoxide, deionized water (3.6 mL) was added to
this solution while using an ultrasonic cleaner for 3 min,
which resulted in a clear solution. The clear solution (linear
polymer chains dispersed in the solvent) was placed in a
sealed 100 mL Teflon®autoclave and loaded into a non-com-
mercial microwave oven which was operated at 2.45 GHz and
850 W of power. This system was processed at 120 °C under
constant pressure (approximately 3.0 bar) for 2, 8 and 32 min
with a heating rate of 10 °C min~". After heat treatment, a
milky solution of TiO, NPs was formed which was character-
ized by the formation of particulate gels. The nanoparticulate
gels were dried at 50 °C to obtain xerogels which were sub-
sequently crushed in a mortar to obtain a fine powder; the
powder was calcined in a muffle furnace at 380 °C for 12 h to
remove organic matter.

Characterization

The structural analysis of the synthesized TiO, was performed
by XRD using a Rigaku-DMax 2500PC (Japan) diffractometer at
40 kv and 150 mA with Cu-Ka radiation (1 = 1.5406 A). The
Rietveld routine was performed in the 26 range from 10° up to
110° in a step-scanning mode with a step width of 0.02° s™*
and a fixed time of 1 s. The divergence slit used was fixed at
1°, and the receiving slit was established at 0.3 mm. The Riet-
veld refinement method®® was conducted using the General
Structure Analysis System (GSAS) software designed by Larson
and Von Dreele.*® The peak profile function was modeled
using a convolution of the pseudo-Voigt with the asymmetry
function described by Finger and Cox.>* ICSD CIF numbers
24276%° and 311227 (ICSD - Inorganic Crystal Structure Data-
base) were employed to obtain the best fit between the theore-
tical profile and the measured profiles.

MR spectroscopy data were recorded using a T-64000 Jobin-
Yvon triple monochromator coupled to a CCD detector. MR

This journal is © The Royal Society of Chemistry 2015
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spectra were obtained using a 632.81 nm wavelength of an
argon ion laser with its maximum output power maintained at
8 mW. A 50 pm lens was used to prevent powder overheating,
and MR data were taken with 30 s of acquisition time.

Morphologies were investigated using TEM and EDX, and
selected area diffraction (SAED) patterns were recorded on a
JEOL 2100 transmission electron microscope operated at
200 kv. In the sample preparation for the TEM technique, the
obtained powders were first dispersed in ethanol using
an ultrasonic bath for 20 min, and then the suspensions were
deposited on copper grids via fast immersion. The compo-
sitional analysis as well as the mapping of elements in
analyzed samples was performed using EDX.

UV-vis spectra were recorded employing a Cary 5G spectro-
photometer (Varian, USA) in diffuse reflectance mode. Egy,,
values were calculated using a method proposed by Kubelka
and Munk,*® where this energy is associated with diffuse
reflectance measurements to estimate Eg,, values with good
accuracy (see ESIf). XPS was employed to determine the
surface chemical composition and the oxidation states of the
TiO, NPs. XPS spectra were recorded employing a UNI-SPECS
UHV system operated at pressures less than 5 x 1077 Pa with
an Mg-K,, line (hv = 1253.6 eV) ionization source and the pass
energy of the analyzer set to 10 eV. The inelastic noise of the
high resolution spectrum for O 1s, Ti 2p, and C 1s was sub-
tracted by the Shirley method.>® The compositional atomic
percentages of the surface layer (<5 nm) were determined by
relative proportions of the spectrum areas revised by means of
atomic sensitivity factors using a hydrocarbonate component
corresponding to the C 1s peak position around 284.95 eV as
the reference point. The XPS spectrum was deconvoluted using
a Voigt function (Gauss 70% and Lorentz 30%) and the peak
positions were determined within +0.1 eV accuracy. PL spectra
were measured in pellets at room temperature under an air
atmosphere using a Monospec 27 monochromator (Thermal
Jarrel Ash, USA) coupled to an R446 photomultiplier (Hama-
matsu Photonics, Japan). A krypton ion laser (Coherent Innova
90 K, USA) (hv = 350 nm) was employed as an excitation
source; its maximum output power was maintained at 500 mW
and a maximum power of 40 mW on the sample after passing
through an optical chopper.

Results and discussion
X-ray and Rietveld refinement data analyses

Long-range structural order is determined by XRD patterns
which elucidate that the lattices of the TiO, NPs are formed by
anatase (space group I41/amd in a D,, symmetry) and brookite
(space group Pcab in a D, symmetry) which were indexed and
are in good agreement with ICSD CIF no. 24276 and CIF no.
31122. Fig. 1 displays the XRD patterns performed with the
Rietveld routine. The weak peak at the diffraction position at
260 = 30.65° is assigned to the brookite orthorhombic structure
for the plane (121) while a strong peak at 26 = 25.32° relating
to the plane (101) of the tetragonal anatase. The other peaks
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Fig. 1 Rietveld refinement data of TiO, nanoparticles processed via the
microwave-assisted solvothermal method in 2, 8 and 32 minutes at
120 °C.

diffracted were also indexed; however due to the broadening of
the peaks, a phenomenon usually found in systems composed
of nanoparticles,”® and the proximity of the diffracted peak
position of some planes in both anatase (A) and brookite (B)
phases, certain peaks might be ascribed to more than one
plane. So, the other planes indexed were (101) A, (004) A, (200)
A, (105) A or (320) B, (211) A, (204) A, (116) A or (400) B, (215)
A, (224) A or (312) A, (217) A, (109) A and (316) A or (125)/(372)/
(254) B. All planes indexed as well as their d-spacing, diffrac-
tion peak position (26) and intensity are displayed in detail in
Table S1 (see ESIT). Therefore, the TiO, NPs are formed by two
crystallographic structures, anatase and brookite, which the
anatase phase is the major structural constituent in the TiO,
NP lattice.

Structural parameters were obtained from Rietveld refine-
ments of XRD data and are displayed in Table 1. The Rietveld
refinement method was employed to understand whether
there are any differences in the structural arrangements of
TiO, NPs processed by MAS. The fit was performed using the
least-squares approach by minimizing the sum of squares of
differences between the theoretical values and the observed
data.”™® The fit is conducted assuming the hypothesis that the
reflections that contribute to the profile can be simulated with
the selected profile function.”*” Thus, the intensity value cal-
culated in this process does not include the calculation of
structural factors but is achieved by refining the values related
to parameters of the peak-shape function selected for each
reflection hkl, where the theoretical peak profiles are adjusted
to converge with the measured profiles."'® The uncertainty in
the derived weight fractions ascribed to each crystalline or
amorphous phase beyond the effects of preferred orientation,
primary extinction, and nonlinear detection systems can be
minimized using all reflections in a pattern, rather than just
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Table 1 Fitting parameters of the Rietveld refinements, lattice parameters and atomic coordinate site occupancy obtained for TiO, nanoparticles

compared to reported in the ICDS CIF no. 24276 and no. 311227

Tetragonal I4,/amd - anatase

Orthorhombic Phca - brookite

Crystal structure

Refinement parameters Ve Rs% Rywp% wt% Ve Rs% Ryp% wt%
TiO, ? (nanoparticles)
2 minutes 0.2749 0.85 4.62 94.07 0.2749 2.59 4.62 5.93
8 minutes 0.2451 0.56 4.41 94.40 0.2451 1.86 4.41 5.60
32 minutes 0.2435 0.88 4.15 91.87 0.2435 0.88 4.15 8.13
Lattice parameters a (A) b (A) c(A) V(A% a (A) b (A) c(A) V(A%
TiO, ©
2 minutes 3.7856 3.7856 9.5037 136.20 9.1740 5.4490 5.1380 256.84
TiO, ?
8 minutes 3.78602 3.78602 9.50560 136.25 9.17400 5.44900 5.13800 256.84
TiO, ?
32 minutes 3.7867 3.7867 9.5033 136.27 9.2020 5.4700 5.2590 264.71
TiO, ¢
ICSD no. 24276 3.7710 3.7710 9.4300 134.10 — — — —
Tio, ¢
ICSD no. 31122 — — — — 9.1740 5.4490 5.1380 256.84
Atomic coordinates titanium and oxygen
TiO, ? (nanoparticles) Atom Site x y z Atom Site x y z
2 minutes Ti 4b(+4) 0 0.25 0.32500 Ti 8c(+4) 0.12890 0.09720 0.86280
o) 8e(—2) 0 0.25 0.01305 o) 8¢(—2) 0.00950 0.14910 0.18350
(@) 8c(-2) 0.23140 0.11100 0.53660
8 minutes Ti 4b(+4) 0 0.25 0.37500 Ti 8c(+4) 0.12890 0.09720 0.86280
(@) 8e(—2) 0 0.25 0.16656 (@) 8c(-2) 0.00950 0.14910 0.18350
o) 8¢(—2) 0.23140 0.11100 0.53660
32 minutes Ti 4b(+4) 0 0.25 0.37500 Ti 8c(+4) 0.10181 0.10117 0.855240
o) 8e(—2) 0 0.25 0.16562 o) 8¢(—2) 0.05731 0.13769 0.151230
o 8c(-2) 0.21277 0.14885 0.493450
TiO, (bulk-theoretical) Atoms Site x y z Atoms Site X y z
Ti 4b(+4) 0 0 0.37500 Ti 8c(+4) 0.12800 0.09800 0.86300
O 8e(—2) 0 0 0.20800 (0] 8c(—2) 0.00800 0.14700 0.18200
(6] 8c(—2) 0.22900 0.11000 0.53000

“ICSD = International Crystal Structure Database; a, b, ¢ = Lattice parameters; V = Unit cell volume. bTio, nanoparticles processed by the
microwave-assisted solvothermal method in 2, 8 and 32 minutes. ° TiO, anatase bulk (ICSD CIF no. 24276). ¢ TiO, brookite bulk (ICSD CIF no.

31122).

the strongest ones.*'? Some criteria to judge the quality adjust-
ments are required and therefore it is necessary to use some
well-known indices like R-factors or Disagreement Factors
(R, - Profile Factor; R, — Weighted Profile Factor; Res, -
Expected Profile Factor; (s) Goodness of Fit Indicator; and y* -
Reduced Chi-Square) which inform each cycle, if refinement
proceeds satisfactorily and if it can be finalized with
high accuracy.”*® According to the literature**”“ the data
arising from structural refinements are generally checked by
the quality algorithms or R-factors. However, the differences
between the measured and calculated patterns might be a
good way to verify the convergence of the refinement.

In this work, the parameters and coefficients optimized
were the scale factor, background (with function type: shifted
Chebyshev using 8 terms), sample displacement, Lorentzian
coefficient to correct the sample broadening, size-strain (aniso-
tropic no rules), peak cutoff fixed at 3 x 107 to adjust the
width of the peak base, microstructure, crystal structure, size-
strain (anisotropic no rules), profile half-width parameters

3162 | Dalton Trans., 2015, 44, 3159-3175

(u, v, w), lattice parameters (a, b, c), factor occupancy, and
atomic site occupancies (Wyckoff).*>*? The adjustable para-
meters related to R-factors show good correlation between
the simulated theoretical model and experimental data while
lattice parameters and unit cell volumes are very close to
results published in the literature.*?”*

The rapid TiO, formation process that governs microwave
heating produces significant variations in a, b and c lattice para-
meter values and unit cell volumes. For TiO, NPs synthesized
for 32 min, these distortions, stresses and strains yield a larger
mass percentage (wt%) of the brookite phase (5.93%, 5.60%
and 8.13%) with 94.07%, 94.40% and 91.87% of wt% assigned
to the anatase phase, for TiO, NPs processed at 2, 8, and
32 minutes, respectively.

A number of variations in atomic position related to O and
Ti atoms were observed which were independent of the time
process for both anatase and brookite phases. We believe that
these variations in atomic positions of atoms can result in
the formation of distortions on the [TiO¢] octahedral cluster

This journal is © The Royal Society of Chemistry 2015
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networks. Rapid heating with the MAS method causes struc-
tural defects due to distortions of the coordination polyhedra
which are the nanomaterials’ building blocks. This structural
transformation is consistent with order-disorder effects in the
crystal lattice as well as with redistribution of electron density
from ideal [TiO¢] clusters to form distorted [TiOs] clusters in
the lattice. Table 1 shows the atomic position of the oxygen
atom in the z coordinate of the 8e site which is displaced com-
pared to the bulk coordinates of the anatase phase. For the
brookite phase, displacements were observed for Ti and O
atoms in the x, y and z coordinates of the 8c sites. We believe
that the distortions on the coordination polyhedron are due to
these displacements of the Ti and O atoms, and therefore the
bond lengths and bond angles in O-Ti-O undergo changes
that can generate redistribution of electron density in the
crystal lattice.

Micro-Raman analyses

To compare results obtained by XRD, we used Raman spectro-
scopy to evaluate the phase composition as well as the degree
of order-disorder at short range of TiO, NPs. The information
obtained by Raman scattering has been an excellent tool in
the study of the formation of TiO, and titanates.**™*° The
information related to the degree of order-disorder in the
Raman spectrum is relative to the intensity, width and displa-
cements of vibrational mode peaks.*>*> Fig. 2 shows MR
spectra in the range of 50 cm™ to 1000 cm™* for TiO, NPs.
Raman bands located around 144, 197, 399, 513, 519 and
639 cm™" correspond to anatase vibrational Raman modes.**
According to the symmetry group analysis of TiO, vibrational
spectra, the anatase crystal structure has six Raman active
modes (A;g + 2By, + 3E,); another three modes (A, + 2E,) are
infrared active; and one mode (B,,,) is inactive in the Raman or
infrared region. For the brookite phase, Raman-active modes
are located at around 150, 323, 416 and 636 cm™*, respecti-

—— 32 min
o(1) —— 8 min
——2 min

Intensity (a. u.)

N

E9(3)

EQ(Z) B1g(1; A19’B1912)

T+~ r - r -1 -1 T T T 17
100 200 300 400 500 600 700 800 900 1000

Raman shift (cm")

Fig. 2 MR spectra in the range from 50 cm™ to 1000 cm™ for TiO,
nanoparticles processed in 2, 8 and 32 minutes at 120 °C.
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vely."®" In particular, the width of the most intensive Raman
band of brookite located at 154 cm™* can influence the width
of the Raman mode of anatase structure at 144 cm™'. The
brookite phase must have vibrational mode characteristics
with a strong Raman scattering close to 128 (A;g), 153 (A4g),
247 (Asg), 322 (B;g), 366 (Bsg) and 636 cm™' (Ay,), while the
anatase phase already shows characteristic scattering at 146
(Eg), 396 (Byg), 515 (Asg) and 641 cm ™' (Ey).">"” The spectrum
shown in Fig. 2 reveals that Raman bands of TiO, NPs were
located at 144.3, 195.2, 394.8, 513.1 and 637.4 cm™’,
respectively.

Raman band values for TiO, NPs synthesized at 2, 8 and
32 min belong to anatase vibrational modes (Egl, Egs, Big, Atg,
B,g, and Eg3)."® However, the positions of two modes (A;, and
Byg) are not well defined in these Raman bands because there
is an overlap of two modes and then a wide peak appears. In
Raman scattering, the behavior of the dispersion slope
from the scattering vector (g) is close to the Brillouin zone
center (¢ ~ 0) for a given phonon mode which describes the
nature of the association for a modification in the Raman line
shape as a function of the crystal size.”® A decrease in the
crystal size facilitates a modification in the Raman line shape
(negative slope) as well as a down-shifted or red-shifted Raman
peak accompanied by increased broadening while an increase
in the crystal size yields an up-shifted or blue-shifted Raman
peak accompanied by a decreased broadening.*”"*?

An analysis of Fig. 2 reveals that MR spectra associated with
TiO, nanoparticles processed in 2, 8 and 32 min are very
similar regarding the occurrence of red-shifted and blue-
shifted peaks while peak broadening was not noticeable.
Therefore, TiO, NP crystal sizes are similar or are not capable
of facilitating a modification in the Raman line shape.
Thus, the presence of only six well defined Raman active
modes (A, + 2By, + 3Eg) suggests that TiO, NPs for all syn-
thesis times (2, 8 and 32 min) are ordered at long- and short-
range with the anatase structure and there are no vibrational
modes relative to other TiO, polymorphs. This conclusion is
consistent with XRD results shown in Fig. 1.

TEM analyses

Morphologies of the synthesized TiO, products were studied
by TEM. Fig. 3(a—c) display HR-TEM images taken at higher
magnifications. The first objective is to obtain a closer look at
how these NPs are positioned on the carbon grid. Under
higher magnification, nanocrystal agglomerates are observed
and TiO, nanoparticles with an average size of approximately
10 nm are observed. This result agrees with the fact that
anatase is the most stable structure observed at the nanoscale,
for particle sizes smaller than 14 nm.>*>!

SAED images (Fig. 3(d-f)) reveal a polycrystal-type electron
diffraction pattern with an interplanar distance of 0.35 nm
which corresponds to the (101) plane of the anatase phase.’*>?
The TiO, NP morphology suggests that as-formed TiO, clusters
are constructed of primary building particles with different
orientations. The SAED from one of these zones confirms the
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Fig. 3 HR-TEM image, EDX spectra and SAED patterns of the TiO, nanoparticles processed in 2 minutes (a, d, g), 8 minutes (b, e, h) and 32 minutes

(c, f, i) by the microwave-assisted solvothermal method at 120 °C.

presence of high crystallinity in both anatase and brookite
phases, which is in good agreement with XRD results.

The EDX is considered a qualitative or semi-quantitative
technique able to provide information about elemental compo-
sition and thus obtain the stoichiometry of the material, with
detection limits of 0.1 wt%, depending on the atomic number
of the atom constituents.>*

Usually TiO, is a compound that presents an oxygen
deficiency on the lattice and commonly is represented as a
nonstoichiometric compound through the formula TiO,_,,
where x is the effective deviation from stoichiometry (TiO,).>>"*%
Point defects in the crystal lattice may be created in the
reduced or oxidized TiO, forms within a simple phase regime.
In the reduced form, donor-type defects such as oxygen
vacancies and titanium interstitials might be created, giving
features of an n-type semiconductor, the behavior of a p-type
semiconductor is expected under prolonged oxidation of the
TiO,, due to the presence of point defects assigned to titanium
vacancies.’®®” Therefore, the more appropriate way of represent-
ing the chemical formula of titanium dioxide, admitting deficits
in both oxygen and cation sublattices, is through the formula
Tiy+x0,_y, where Ti;_, represents the titanium interstitials or
titanium vacancies, while O,_, is ascribed to oxygen vacan-
cies.’®® However, the formula TiO,_, is well accepted to rep-
resent the nonstoichiometry found in TiO, NPs, once the
titanium interstitials are minority defects present in the bulk,
subsurface or surface and are generated rather at elevated temp-
eratures, i.e., by increasing the annealing temperature.”**?
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The stoichiometric composition from the O:Ti ratio of the
TiO, NPs was further confirmed by EDX (see Fig. 3(g-i)) ana-
lysis and the values obtained were 1.99, 1.80 and 2.01 for the
TiO, NPs processed in 2, 8 and 32 minutes, respectively.
As can be observed by oxygen and titanium wt% results from
EDX spectra, the TiO, NPs are nonstoichiometric compounds
for samples processed at 2 and 8 minutes, while the O:Ti
ratio for TiO, NPs processed at 32 minutes seems to be most
close to TiO, stoichiometry. Therefore, the nonstoichiometry
observed by EDX results does not actually show a systematic
variation of elemental composition as a function of processing
time.

The crystal growth process includes the nucleation and
growth of particles. The particle size depends on the nuclea-
tion rate where a higher nucleation rate results in a smaller
particle size.”” Crystal growth by aggregation can occur by
many mechanisms, including interactions of randomly
oriented particles (i.e., coalescence) or highly oriented par-
ticles (i.e., oriented attachment).®>® Our results indicate that
the formation of these aggregates does not proceed via the
classical ion-attachment mechanism, but by oriented aggrega-
tion of small primary subunits. As a consequence, this
mechanism involves the formation of a high concentration
of aggregated nanoparticles with the predominant growth
controlled by the coalescence process.®°

In concentrated hydrochloric acid solutions, chloride ions,
CI7, can be coordinated to the Ti™, but the complexes are not
very stable;®! consequently, chloride does not seem to have a
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specific role in titania crystallization. The influence of the C1™
ions was investigated by Jolivet and co-workers.®® They
reported that C1™ ions seem to be essential for brookite phase
formation. Our results are in very good agreement with results
obtained in other experimental studies.®**

Another important factor associated with acidic media is
related to the mechanism of acidic catalysis in the conden-
sation reaction for TiO, network formation in the sol-gel
process. In this mechanism, titanium alkoxide is quickly pro-
tonated and on decreasing the electron density of the metal
atom (Ti™) it becomes more electrophilic and more suscep-
tible towards water attack and results in the formation of a
penta-coordinated [TiOs] transition state through an Sy*> mech-
anism.?®*' Thus, in the MAS method, the crystal structure as
well as the formation of anatase and brookite phases of the
TiO, NPs in very acidic media seems to be controlled by the
nature of the anions in the medium during processing.
A similar argument was employed by Kalathil and co-workers®?
to justify that the formation of anatase and brookite TiO, with
various morphologies can be tailored using various acid concen-
trations. More recently, Moura and co-workers®! obtained TiO,
in the presence of the anatase and brookite phases by a similar
solvothermal route; however the microwave time processing
employed (1 to 60 minutes) promoted changes in the mor-
phology (spheres and sticks) with micrometer size.

Optical properties and XPS analysis

The Kubelka-Munk method®® was employed to calculate the
optical band gap energy and is described in detail in the ESL.{
The UV-vis spectra in Fig. 4 show the variation in the Eg,,
values from 2.71 to 2.98 eV (2, 8 and 32 min of heat treatment
process times), which are lower than those for anatase
(3.20 eV).°**? These values depend mainly on preparation
methods and experimental conditions such as precursor

—— 32 minutes
8 minutes

—— 2 minutes
—— Linear fit
------ Extrapolation linear fit

[F(R)Av]" (arb. units)

T T T T
15 20 25 3.0 35 4.0 45 5.0

Photon energy (eV)

Fig. 4 UV-vis spectra of the powder TiO, nanoparticles processed by
the microwave-assisted solvothermal method at 120 °C in 2, 8 and
32 minutes.
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purity, processing time, etc. These key factors can advance or
inhibit the formation of structural defects which are able to
control the degree of structural order and disorder of the
material and, consequently, the number of intermediary
energy levels within the band gap®® or due to a quantum
effect.®”

We believe that the decrease in the band gap value can be
attributed to structural defects and local bond distortions
according to results shown in Table 1 (variation in the atomic
coordinates of the Ti and O atoms) and is also due to the
occurrence of a second phase assigned to brookite, as well as
surface defects which are able to generate states with localized
electronic levels within the forbidden band gap. Due to micro-
wave effects under solvothermal conditions, parts of the
material can crystallize, dissolve and recrystallize several
times.”>®® This recrystallization process might lead to both
surface and bulk modifications that change the structural
order which is directly linked to the rise of new energy levels
in the band gap.

XPS is a powerful technique used to explore and character-
ize the presence of defects in bulk (<0.5 nm), thin films, sur-
faces, and interfaces in electronic structure studies. Besides
the aim of studying the surface chemical composition and the
oxidation states of the TiO, NPs, XPS was employed to investi-
gate the presence of possible defects and the electronic struc-
ture by an evaluation of the valence band (VB) in the low
energy range of the survey XPS spectrum (see Fig. 5).

The XPS survey spectra of the TiO, nanoparticles processed
for 2, 8 and 32 minutes by the MAS method are shown in
Fig. 5(a). The peaks observed at above 900 eV correspond to
Auger lines from O, (O KLL), Ti (Ti LMM) and C (C KLL).
Despite the presence of carbon (assigned to the Auger line
(C KLL) and the C 1s orbital), employed for the sample char-
ging, no impurity related peak could be observed. All the
values related to XPS survey spectra are shown in more detail
in Table S2 (see ESIt). Fig. 5(b) shows the high resolution
spectra of the O 1s core level spectra de-convoluted into three
symmetric peaks using an asymmetric Gaussian-Lorentzian
function fit. The profile of the O 1s XPS spectra, for all
samples, consists of a main peak at 530.06 eV that corresponds
to the crystal oxygen lattice in O~ bound to Ti**; minor peaks
at 531.42 and 532.34 eV are assigned to oxygen vacancies®®
and surface hydroxyl groups.”**” FWHM (full width at half
maximum) and % area values of the de-convoluted peaks with
respect to Ti 2p and O 1s XPS signals are displayed in Table S3
(see ESIY). Fig. 5(c) shows the Ti 2p XPS spectra composed of
two peaks assigned to signals Ti 2p;/, and Ti 2p,, localized at
458.77 and 464.51 eV, respectively, with a peak separation
average of 5.75 eV assignable to Ti** ions in TiO,.”**? In the
typical XPS spectra profile, the binding energy of Ti 2p XPS
signals, for stoichiometric TiO,, are not broad and there are
no shoulder peaks.”” However, sub-oxides (TiO,, Ti,O3, TisO3,
TiO Ti,0, Ti;O) may be present with different oxidation states
(Ti**, Ti*" and Ti**) depending on the stoichiometry.”>* The
sub-oxide species are comparatively lower in concentration
compared to the normal oxidation state Ti**. Through appro-
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Fig. 5 (a) XPS survey spectra of the TiO, NPs processed in 2, 8 and 32 minutes by the microwave-assisted solvothermal method at 120 °C. (b) XPS
of the O 1s region. The component at 530.06 eV is a typical signal of oxygen lattice in O>~ bound to Ti* in TiO, form. The O 1s XPS signal also con-
tains two additional components which might be identified as the hydration of the surface oxide by hydroxyl groups at 532.34 eV while the peak at
531.42 eV is assigned to oxygen vacancies. (c) XPS of the Ti 2p region TiO, NPs. No broad profile indicates only the presence of two peaks assigned
to signals Ti 2ps,> and Ti 2py,, localized at 458.77 and 464.51 eV. (d) Valence band spectra obtained by enlargement of XPS survey spectra at low

energy.

priate Gaussian-Lorentzian fitting, the Ti 2p XPS spectra can
be used to obtain information about the oxidation states of
the sub-oxides containing Ti**, Ti**, Ti* and Ti’ ions on the
surface of reduced TiO,.”” Fig. 5(c) illustrates the shape and
position (values noted in the ESIf) of the Ti 2p;/, XPS signals,
which are independent of the processing time; the absence of
broad and shoulder peaks makes it reasonable to conclude
that only Ti*" species are bound to 0>~ in the TiO, lattice”*?
on the surface TiO, NPs, once Ti*" surface defects and Ti*"
shown by Ti 2p3,, peaks located at 457.7 and 454.4 eV, respecti-

3166 | Dalton Trans., 2015, 44, 3159-3175

vely, are absent.”*”? The O 1s and Ti 2p area (Table S2, ESIY)
for these TiO, NPs can be used to determine the O : Ti ratio (as
determined by XPS peak areas) and thus establish the stoichio-
metry. The results in Table S21 show that the O:Ti ratios for
TiO, NPs processed in 2, 8 and 32 minutes were 2.48, 2.47 and
2.55, respectively, not as expected for TiO,. However, consider-
ations can be made regarding the O 1s XPS signals for a more
realistic interpretation. Regonini and co-workers”* determined
the value of approximately 3 for the oxygen to titanium ratio
(O:Ti) of the oxide films, for which contributions of the O 1s
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XPS signals localized at 531.4 and 533.1 eV were ascribed to
hydroxyl groups (probably some organic contaminants) and
oxygen from isopropanol bonding with the outer oxide layer,
respectively. Therefore, neglecting the contribution due to
oxygen from water/hydrated species and from organic origins,
the O:Ti ratio decreases to approximately 2.4 suggesting that
the oxide films are not purely TiO,, but rather hydrated TiO,. In
our work, also neglecting the contribution of the components
from O 1s XPS signals assigned to oxygen vacancies (531.42 eV)
and hydroxyl groups (532.34 eV), the O:Ti ratio decreases to
approximately 2.26, 2.21 and 2.21 for TiO, NPs processed in 2, 8
and 32 minutes, respectively. It seems reasonable to make this
approximation once 79% of the O 1s XPS signals are related to
0 bound to Ti*" in TiO, form (see Table S2, ESIF).

The values obtained by EDX TEM for the stoichiometric
composition (see Fig. 3(b, d, f)) were 1.99, 1.80 and 2.01 for
TiO, NPs processed in 2, 8 and 32 minutes, respectively,
whereas XPS analyses obtained 2.26, 2.21 and 2.21 for the
same samples. Thus, like the O:Ti ratio observed by EDX
results, also those from XPS results are not able to show a sys-
tematic variation of elemental composition as a function of
processing time. These deviations observed might be related
to the qualitative nature of the EDX technique and to the fact
that EDX is more representative of the bulk than of the
surface,> whereas XPS is a technique most sensitive to surface
chemical analysis which can detect the composition of
samples, in atomic content (at%), up to 10 nm in thickness.”
Hence, the absorbed species such as hydroxyl groups and
probably some organic contaminants might be strongly bound
to TiO, NPs. Since the physically absorbed species on the TiO,
surface can be easily eliminated by XPS conditions under a
ultrahigh vacuum system, a purely TiO, single crystal or TiO,
with a fine surface structure will not show XPS signals.”®””
However, the complexity of bound hydroxyls excludes XPS analysis
as a suitable technique for providing a more detailed analysis
of the surface hydroxyl groups bound to the TiO, surface.

Therefore, as XPS analysis of the Ti 2p peaks did not detect
the presence of Ti**, which is assigned to surface defects in
TiO,, we believe that TiO, NPs contain a disorder at the inter-
face such as surface and/or grain boundaries, due to the fact
that nanosized TiO, materials exhibit a large interface-to-
volume ratio.®®’® For anatase, generally the surface states are
oxygen vacancies or Ti*" ions adjacent to oxygen vacancies.”**?
The rise of the oxygen vacancies will be discussed later in
detail.

A brief and qualitative evaluation of the VB spectra, shown
in Fig. 4(d), can be a helpful tool to assist in understanding
the rise of the defect state. This fact plays an important role in
better understanding the optical behavior for these TiO, NPs.
As is well-known, pure anatase TiO, has primarily a filled VB
derived mainly from O 2p (2p,, 2p, and 2p,) orbitals separated
from an empty conduction band (CB) derived from Ti 3d
orbitals (3d,:—ye, 3d;, 3d,;, 3d, and 3d,,) by a bulk band gap
of 3.2 ev.®**? sm* doped TiO,® with anatase and rutile
crystal structures showed a different electronic structure,
where impurity energy levels were created from Sm-4f states
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hybridized with the O 2p states above the VB and other Sm-
related energy levels located in the energy range of —3 to 0 eV,
for the anatase crystal structure. The Sm**-doped TiO, for
rutile, Sm-related impurity energy levels are localized at the CB
in the energy range of 4-6 eV. Therefore, the structural order
assigned to the crystal structure (anatase and rutile) deter-
mined the behavior of the electronic structure associated
with Sm**-doping. The VB displays (Fig. 5(c)) show the same
behavior of the electronic structure for the TiO, NPs processed
for 2 and 8 minutes, in which the electronic structure is close
to the Fermi edge. However, the presence of the shoulder close
to the Fermi edge is most evident for TiO, NPs processed for
32 minutes. The shift of the Fermi level arises from the defect
state found at the top of the VB, as observed by a decrease in
the optical band gap energy which is in good agreement with
UV-vis results.

In terms of the optical properties, the E, involves the
surface and bulk contributions which are assignable to the
arrangement of the energy levels within the band gap.®'**
Although the properties that arise from the creation of inter-
mediary energy levels within the band gap are commonly
found in doped semiconductor materials, undoped materials
processed by a specific synthetic method may present these
properties due to a degree of structural disorder at short,
medium or long range.®**

We believe that TiO, NPs processed for 32 minutes undergo
more recrystallization steps under hydrothermal conditions via
microwave heat than TiO, NPs processed in 2 and 8 minutes,
leading to a larger structural disorder capable of creating a
slightly larger concentration defect that promotes the arrange-
ment of the intermediary energy levels within the band gap.
Since the factors such as the preparation method, particle
morphology, heat treatment temperature, and processing time
are factors that promote changes in the different structural
defects such as formation of oxygen vacancies, modifications
of the bond lengths, changes in the dihedral angles and distor-
tions on the clusters which may give rise to intermediary
energy levels within the band gap.**

Therefore, the Fermi level is shifted (Fig. 4(d)) by the
arrangement of the intermediary energy levels at the top of the
VB associate to degree of structural order-disorder at long-
range due to symmetry breaking, assigned to presence of the
brookite phase (shown by XRD and Rietveld refinement),
whereas at short-range from MR results it appears that the
TiO, NP structure is more ordered.

UV-vis spectroscopy is a technique that can be combined
with PL spectroscopy to understand the density of structural
defects which are able to generate intermediary energy levels
within the band gap and control the degree of structural
order-disorder in the lattice.*** PL spectroscopy is very useful
to obtain information about the electronic, optical and photo-
electric properties of materials.?*%*

PL studies might provide information on the structure,
defects and impurities in a material.®>*“? PL properties are a
powerful probe for investigating changes around the site
environment at short-range (2-5 A) and medium-range order
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(5-20 A) of clusters where the degree of local order is pronoun-
ced.®®®2%¢ Structurally inequitable sites can be distinguished
because of their different types of electronic transitions that
are linked to a specific structural arrangement.®®**“° In
this context, we can understand the nanostructural problem as
pointed out by Billinge and Levin®® about existing problems in
determining the atomic structure of nanomaterials: “we don’t
have robust broadly applicable quantitative methods for
solving structures at the nanoscale, and this is precisely the
domain where the crystallographic methods lose their power”.

PL measurements demonstrate energy transfer processes
where specific structural rearrangements occur. PL emissions
can be related to several factors that change electron tran-
sitions in the band gap; i.e. by defects related to stresses and
strains on the lattice (tilts),**® cation or anion vacancies,®*>*
surface states,®*? and quantum confinement.®” Defects that
produce deep levels generate intermediary energy levels near
the CB that are represented by PL emission at low energy
(yellow/red),**>¢ while shallow levels generate states next to the
VB that exhibit PL emission in regions of high energy (violet/
blue).®%¢

Fig. 6(a) illustrates PL spectra of TiO, NPs at room tempera-
ture and under an air atmosphere. The PL spectrum covers
visible electromagnetic signals in the range of 400 to 800 nm;
these spectra are broad and are typical of a multiphonon
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process; i.e., a system where relaxation occurs by several paths
involving the participation of numerous states within the band
gap of the material.®*5%4

Therefore, the PL emissions cannot be ascribed to the
direct recombination process between a conduction band elec-
tron in the Ti 3d orbital and a hole in the O 2p valence band.
The wide band profile of the observed PL behavior is associ-
ated with several radiative and/or non-radiative luminescent
centers generated from defect density. The structural disorder
in the crystal lattice promotes a polarization effect due to redis-
tribution of electron density by changes in the bond lengths
and bond angles between Ti and O atoms resulting in the non-
uniform electronic structure.

An analysis of PL spectra (see Fig. 6(a)) shows that TiO, NPs
have a maximum emission associated with PL emissions at
539 nm, 534 nm and 528 nm, for 2, 8 and 32 minutes of pro-
cessing time, respectively. Therefore, the PL emission bands
are slightly displaced as a function of processing time. The
wide PL band emissions show a blue shift between PL emis-
sion bands for 2 and 8 minutes and a red shift between PL
emission bands for 8 and 32 minutes. The PL shifts seem to
indicate that the concentration and the nature of the defects
created in TiO, NPs depend on the degree of structural order—
disorder, which is intimately related to the processing time of
heat treatment.
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Fig. 6 (a) Normalized PL spectra at room temperature under an air atmosphere of the TiO, NPs (powder) and insert of displacements of PL emis-
sion bands. Deconvolution of the PL spectra for (b) 2 minutes, (c) 8 minutes and (d) 32 minutes.
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It appears reasonable to correlate the PL energies to inter-
mediary energy levels within the band gap,®® once the PL emis-
sions localized at 539 nm (~2.30 eV), 534 nm (~2.30 eV) and
(~2.35 €eV) (see Fig. 6a) are lower than the experimental optical
band gap energy (see Fig. 4).

To gain a deeper insight regarding the emissions, the PL
spectrum was deconvoluted with a Voigt function using the
PeakFit program (4.05 version).®” The PL spectra can be de-
convoluted into three peaks (PL sub-bands), which are cen-
tered at 451, 523 and 605 nm, and are ascribed to components
in the blue, green and orange regions, respectively. Each com-
ponent contributes to the wide band profile and is linked to a
specific structural defect. The analysis of the deconvoluted peaks
(see Fig. 6(b-d)) confirms that the variation in the emission
intensity (% area) of the components (blue, green and orange)
can be explained by the variation in the defect density created
during the processing time employed in the MAS method.

PL behavior for TiO, anatase is associated with three kinds
of physical origins: self-trapped excitons (STEs),*® oxygen
vacancies,® and surface states.”® The PL band localized in the
ultra-violet (violet/blue) region is characteristic of an intrinsic
luminescence, i.e. structural defects, that causes distortions on
the coordination polyhedron hexa-coordinated [TiOs] clusters
of the anatase,®**®® whereas extrinsic luminescence emissions
are situated at low energy (green/yellow) and are associated
with oxygen vacancies and surface states.*®”?

According to the literature®®” the factors related to the
preparation method can promote a degree of structural dis-
order capable of giving rise to different structural defects. The
internal/external vibration between adjacent strongly bound
clusters provide information about the degree of structural
order-disorder in the lattice.®>°° Nonetheless, the symmetry
breaking of these clusters leads to distortions on the clusters,
modifications in the O-Ti-O bond lengths, changes in the di-
hedral angles and formation of oxygen vacancies.”®®* Hence
we believe that the degree of structural disorder related to sym-
metry breaking due to the brookite phase as well as heat treat-
ment from the MAS method might be responsible for
distortions (tilts) on the [TiOg], changes in the O-Ti-O bond
lengths and formation of oxygen vacancies, which latter could
act as donors for charge carriers, trap sites of electrons, and/or
recombination centers.*

It is well-established that the relationship between the
degree of structural order-disorder in the bulk and the surfa-
ce®'“ ¢ contributes to the wide band profile®** observed,
which can be distinguished by the degree of perturbation con-
tained on the TiO, NP lattice at short, medium or long-range.

Bond lengths and bond angles between titanium and
oxygen atoms from the atomic coordinates obtained by Riet-
veld refinement results are displayed in Table S4 (see ESI}).
The bond length and bond angle values were calculated using
Visualization for Electronic and Structural Analysis (version 3
for Windows),”> and the unit cell parameters of ICDS CIF no.
24276 and CIF no. 31122 were used as the reference.’®*” The
results show that [TiOg] clusters, both anatase and brookite,
are slightly distorted on the cell unit by the variation in the
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bond lengths (Ti-O, (7 =1, ..., 6)) and the bond angles, formed
between two oxygen atoms and the titanium atom (y,¢, ¢, €, v
andd), on the TiO, NP lattice. As the crystallization process pro-
ceeds during the processing time, the several crystallization
steps under hydrothermal conditions aided by the fast heat of
the MAS method promote a structural arrangement for each
crystallization step by shifting the atomic coordinates of the
oxygen and titanium atoms, thus obtaining a network formed
by distorted clusters that leads to a symmetry breaking, result-
ing in an asymmetric charge distribution®*“ in the intermedi-
ate-range order, which confirms additional electronic levels
within the band gap. By comparing the results obtained by the
Rietveld refinement (see Table 1), and the deviations in the
bond lengths and bond angles compared to theoretical values
and the deconvolution of the PL spectra (see Fig. 6(b-d)), it is
reasonable to conclude that there is a degree of structural dis-
order due to symmetry breaking®“° linked to oxygen
vacancies, with different charged states (Vo and V™) or in a
neutral state (Vo"),”® that acts on the arrangement of the
energy levels within the band gap region leading to changes in
the electron density in the TiO, NP crystal lattice, where each
PL sub-band (blue, green and orange) is related to one kind of
electronic transition between the several energy levels created
within the band gap.

The order-disorder of the TiO, and titanate structures can
lead to an ordered structure with [TiOs] cluster makers, and
another disordered structure which is ascribed to a [TiOg]
slightly distorted cluster and another [TiOs] complex cluster,
which all are related to a specific type of oxygen vacancy.”™*?
Hence, two effects which are attributable to TiO, NP PL behavior
can be identified from the degree of structural order-disorder
due to defects ascribed to oxygen vacancies on the TiO, NP
network. The first effect emerges from the deformations (tilts)
induced in the [TiOs] octahedral clusters and deviations in the
bond lengths that promote a slight shift in the oxygen atom
position that gives rise to intermediary energy levels within the
band gap, which are responsible for the luminescent centers
at high energy (blue component).®**®® The second effect is
derived from a slightly larger displacement in the oxygen atom
position that might be understood as a defect near the
surface, not assigned to the presence of Ti*" sites but those,
i.e. due to surface dangling bonds,*® resulting in another type
of oxygen vacancy on the TiO, NP lattice which are represented
by [TiOs] complex clusters. This second effect also promotes
narrowing of the optical band gap energy by generating inter-
mediary energy levels within the band gap, which are respon-
sible for the low energy luminescent centers (green and orange
components).**”¢ The mechanism shown in Fig. 7 explains the
PL behavior at room temperature of TiO, NPs processed by the
MAS method for different processing times.

Bulk, surface and interface defects may be possible trap
sites for charge carriers.®'® %% Temperature-variable PL of the
highly crystalline TiO, nanotube, as a function of wall thick-
nesses of ~20 nm, show that at low temperature (<50 K) elec-
trons would occupy the trap sites without thermal excitation,
and hence STEs become predominant in the direct relaxation,
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[TiOs-Vo ] clusters.

while at high temperature (>50 K) due to the thermal quench-
ing by non-radiative recombination, STEs are suppressed by
oxygen vacancy states.®’

Therefore, disorder generates imbalanced charges on the
structure and leads to formation of electrons and holes in the
TiO, NP lattice. During the excitation process in the crystals,
the electronic transitions involve more than one kind of
cluster on the lattice where the charge transfer takes place
between clusters,®” whereas in the relaxation process the
recombination of excitons might be trapped by energetic states
within the band gap®?*“ or might be trapped/detrapped in sites
into [TiOe] clusters generated from local distortions on the
lattice assigned to a specific phonon mode.®>** However, the
increase of temperature promotes the decrease or extinction of
the defects assigned to structural local disorder in the lattice.

The assumption is made that one oxygen vacancy is not
necessarily linked to an insufficiency of oxygen atoms on the
TiO, crystal lattice but rather a displacement in the oxygen
atomic position leading to a polarization effect. The bond
lengths (Ti-O) increase, which is the charge transport in the
crystal lattice. Fig. 7 shows a scheme of oxygen vacancy types
that might be present in the TiO, NP lattice.

The picture shows only two [TiO¢] adjacent clusters, but the
model extends to the surface and all bulk NPs. In (1), the
[TiOg] clusters show the oxygen atom position representing the
most structurally ordered arrangement of the TiO, crystal
lattice without oxygen vacancies. It is assumed that the no
vacancy condition refers to the structural arrangement using
the bond lengths (Ti-O) and bond angles (O-Ti-O) of the
theoretical values of the anatase (ICDS no. 24276) and brookite

3170 | Dalton Trans., 2015, 44, 3159-3175

(ICDS no. 31122) phases. In (2) the oxygen atom, between two
adjacent clusters, refers to a structural arrangement which is
assigned to neutral oxygen vacancy (Vo) that representing a
structure slightly disordered, where the oxygen atom position
is slightly displaced compared to the theoretical structural
arrangement position 1. Therefore, a slight polarization®!
begins to emerge. In (3), increases in the bond lengths (O-Ti)
or distortions (tilts) on the [TiOg] octahedral cluster begin to
redistribute the charges in the crystal, resulting in two regions
with slightly different electronic densities. The electron will be
closer to the [TiOg] cluster where the distortion is larger or the
cluster where the oxygen atom will be closest to forming the
single ionized (Vo) oxygen vacancy. When the distortions or
bond lengths increase to a still larger displacement (4) of the
oxygen atom, a polarization effect, due to the larger charge
separation, might occur creating a high electronic density
region (HED) and another with a low electronic density region
(LED). For this effective polarization effect the oxygen vacancy
double ionized (Vo) is associated. In positions 2, 3 and 4, the
increase of the displacement of the bond length (Ti-O)
followed by one sharp distortion on the [TiO¢] octahedron
gives rise to complex [TiOs] clusters, represented by [TiOs-Vo"],
[TiO5-Vo'] and [TiOs-V, "] species respectively, unlike in picture
1, in which the network is formed only by [TiOg]* clusters.
Therefore, instead of the idea of insufficient oxygen atoms,””
the oxygen vacancies V¥, Vo™ and Vi™ on the TiO, NPs can be
understood by bond length displacement (Ti-O) capable of
promoting distortions on the TiO, octahedral clusters as well
as modifications in the bond lengths, bond angles or dihedral
angles, and are associated with [TiOg]* clusters, which

This journal is © The Royal Society of Chemistry 2015
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represent the most ordered TiO, structure, according to the
following equations:

[TiO6]" + [TiO5-Vo*] — [TiOg] + [TiO5-Vo'] (1)
[TiOg)" + [TiOs-Vo'| — [TiOg)’ + [TiOs-Vo ] (2)
[TiOg)" — [TiOg]* (position 1) (3)
[TiOe]* — [TiO5-Vo*| (position 2) (4)
[TiOg)’ — [TiOs-Vo'] (position 3) (5)
[TiOg]’ — [TiO5-Vo "] (position 4) (6)

Eqn (1) and (2) show the transformation of the TiO, highly
ordered structural neutral network, formed by [TiOg]"-[TiOg]"
clusters, to a slightly polarized network formed by [TiOg]-
[TiOs] due to structural disorder arising from oxygen vacancies
Vo", Vo' and Vi ™. The [TiOg]' clusters, unlike [TiOg]", are a dis-
torted octahedron that give rise to a slight polarization effect
in the TiO, NP crystal lattice when the oxygen atom displace-
ment becomes larger as compared to position 1, and/or as
soon as the tilts increase. The relationship between defects
and PL observations can be understood by noting the concen-
tration of the maker species of the TiO, NP network, ie.
[TiO6]", [TiOs5-Vo"], [TiOs], [TiOs-Vo'], and [TiOs-V™]. The con-
centration of these species is based on the dynamics of the
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transformation of the [TiOg] clusters, represented by [TiO]*
and [TiOg]' to complex [TiOs] clusters, represented by
[TiOs-Vo'], [TiOs Vo] and [TiOs-Vo ™.

Therefore, the TiO, NP network is formed by a relationship
between the structural order-disorder induced by oxygen
vacancies that at long range, distorted [TiOq]' and complex
[TiOs-Vo'] clusters are assigned to interface anatase/brookite
phases and tilts on the [TiOg] octahedron and slight changes
in the bond lengths and bond angles between oxygen and tita-
nium atoms that give rise to shallow levels within the band
gap close to CB responsible for luminescent centers at high
energy, and by complex [TiOsVo'] and [TiOs-Vo™"] clusters
which might be understood as dangling bonds defects near
the surface, giving rise to deep levels within the band gap
close to VB responsible for PL emissions at low energy. Both
shallow and deep levels might act as acceptors/donors for
charge carriers, trap sites of electrons, and/or recombination
centers. While at short-range the TiO, NP structure is more
ordered, the increase of the processing time does not promote
local distortions capable of changing the periodic spacing in
the [TiOg] octahedra, due to the presence of only phonon
Raman active-modes assigned to vibrations intrinsic to the
anatase lattice for all TiO, NPs. On the other hand, the TiO,
NP lattice is formed by a network from interactions between
different cluster makers (as shown in Fig. 8), so it seems
reasonable to conclude that at medium-range there is a slight

a) b)
Before excitation under excitation/after excitation
A A
[ \ [ \
o= EOISEEHETS
-0o-  Ti3d -e0- -oo- oe VY
3
hv, W
W W "“-..‘I“h"a
hv hv,
VAVAR
e h* hv, \/
oo , }ozp oo ,. ©% oo o oo oo
) . -0~ -0
-0 -00- -0
VB | @@ -0 -0 -0~ 0-0- 00 -00- -0

shallow levels: -oo-
VOX

deep levels : -c®- -@0O- or-oo-

vo- von

Fig. 8 Scheme of the PL wide band model proposed. Before the excitation process (a): the electrons at the VB might occupy the energy levels
(deep levels) most close to the VB created by structural disorder giving rise to the ground state (S*). Under excitation/after excitation (b): after exci-
tation (laser 1 = 354 nm), the electron—hole pair is created in which the hole (h’) is trapped at deep levels while the electron (e') might be trapped by
shallow levels close to the CB. The electrostatic attraction of these charges occurs generating an instable exciton pair that is suppressed via radiative
decay (huy). As the excitation energy is larger than the band gap, electrons might be excited directly from deep levels to the CB and fall back again to
deep levels via radiative decay hv, or once the CBs suffer successive relaxation processes falling back again to low energy states (to both shallow
and deep levels) via radiative decays (hvq, hvp, hus, hug,....huy,). Therefore, the PL wide band observed is a result of all radiative decays that happens

within the band gap (hvy + hv, +- - -+huy).
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degree of structural disorder caused by distortions in the di-
hedral angles®“®° between adjacent clusters, once to an
ordered structure the dihedral angles are related to the equili-
brium position between ordered clusters [TiOg]*-[TiO6]";
however the cluster makers of the disordered structure of the
TiO, NPs are [TiO4]*-[TiO5-Vo"], [TiOs]-[TiO5Vo'] and [TiOg]'-
[TiOs:Vo™7, in which the bond lengths (Ti-O) and bond angles
(o- Ti -0) are slightly distorted, hence exhibit distortions in
the dihedral angles.

Oxygen vacancies on the disordered structure work
as electron trapping or hole trapping centers which generate
intermediary levels within the band gap according to eqn (2)
and (3), where [TiO¢]' is the donor, [TiOs5Vy] is the donor or
acceptor, and [TiOs-V "] is the acceptor. [TiOs-Vo™] is a neutral
complex with two unpaired electrons; [TiOs5Vo'] has one
unpaired electron and [TiO5V' "] has no unpaired electrons.
These equations suggest that electrons trapped (+) in an
oxygen vacancy complex are a necessary requirement for the
formation of polarons during the excitation process that
changes the electronic density of the crystal, causing a polariz-
ation effect.” > Similar arguments have been used very
recently to represent oxygen vacancies in the case of SnO,
quantum dots.””

A wide band model (Fig. 8) was proposed based on the elec-
tronic transitions that might occur between the intermediary
energy levels in order to explain the origin of the PL emissions
for TiO, NPs. In the PL model proposed, an important step
occurs before the excitation process that strengthens the argu-
ment about intermediary energy levels created within the band
gap. Before the excitation process (Fig. 8a), deep levels are
created close to the VB and thus the electron might occupy
these levels (an excited state (S*)), changing the electronic
arrangement. Therefore, when the electrons occupy these
energy levels close to the VB, this electronic arrangement is
defined as the ground state since no energy source (electro-
magnetic) acts under TiO, NPs, only thermal energy at room
temperature. Hence, the excitation of the crystal lattice might
occur via phonons. After being excited (Fig. 8b) by an energy
source (hv), positive holes (h”) in the S* and negative electrons
(") are created in the CB or in some intermediary energy levels
(shallow levels) close to CB. Thus, charge carriers and trap
sites are present in the hole-electron (e’-h") recombination
pairs to explain the PL behavior of TiO, NPs that occur from
the mechanism where:

(1) the positive holes created in the S*, after the electron is
excited, can be electrostatically attracted by the electron
trapped by shallow levels close to the CB, generating an
exciton pair which due to their instability suffers annihilation
via radiative decay (hv);

(2) once the light source excitation energy (laser A =
354 nm) is greater than the optical band gap energy (see
UV-vis results) there is a possibility that the electron
localized at S* is not trapped by deep levels close to VB,
but rather becomes excited toward the CB by band-band
transitions which fall back again to deep levels via radiative
decay (hv,);

82¢,91,93
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(3) at CB, the electron might undergo recombination
toward shallow levels closest to the CB via radiative decay hvs
and keep successive relaxation processes falling back again to
adjacent deep levels via radiative decays hvs, hvy, ..., hvy,.

Therefore, the energies arising from these electronic tran-
sitions are converted in photons (Av), by several radiative
decays (hvy, hvy, hus, huy, ..., huy,) originated during the mul-
tiple radiative electronic transitions which are responsible by
PL wide band emissions,’?% ¢%0:91:93,96

The concentration of intermediary energy levels (shallow
and deep levels) within the band gap is related to the concen-
tration of defects generated by the degree of structural order—
disorder from oxygen vacancies (Vo", Vo™ and V™). According
to the deconvolution of the PL spectra, the contribution of
each PL sub-band (blue, green and orange) occurs in a random
way, i.e., is not related to the processing time of the TiO, NPs.
However, the contribution (% area) of the PL sub-bands (green
and orange) is larger than the blue component. Therefore, it
seems reasonable to conclude that the PL behavior is domi-
nated by luminescent centers responsible for PL emission at
low energy. Hence, the concentration of deep levels within the
band gap is larger than shallow levels, once the defects orig-
inating from structural disorder assigned to [TiOs-Vy'] and
[TiO5'Vo'"] complex clusters are responsible for PL sub-bands
at low energy (green and orange). So, the concentration of
these species on the TiO, NP lattice is larger.

Conclusions

From a quantitative analysis of the results, we have confirmed
in this study a correlation between structural and electronic
order-disorder effects at long, medium and short-range and
their optical properties for TiO, nanoparticles synthesized by
the sol-gel process followed by the MAS method. During the
sol-gel conventional process, without any heat treatment, the
formation of connections along the network of [TiOg] clusters,
via Ti-O-Ti, is very slow. However, when the MAS method is
employed, the Ti-O-Ti bond formation is promoted by a coop-
erative effect related to hydrolysis and condensation reactions,
resulting in TiO, NPs with a particular structure composed by
distorted lattices. The microwave assisted solvothermal
process showed that only in 2 minutes it was possible to
obtain TiO, NPs with highly oriented particles (oriented
attachment).

The fast microwave heat process under hydrothermal con-
ditions was able to promote rearrangement of the atomic coor-
dinates of the oxygen and titanium atoms leading to symmetry
breaking and additional disturbances on the bond lengths
(Ti-O) and slight distortions on the maker species (clusters)
which are related to oxygen vacancies (Vo", Vo™ and V™). Struc-
tural disorder at long and medium-range occurred, due to sym-
metry breaking by rich-brookite on the TiO, NP lattice and
from slight distortions in dihedral angles present on the
cluster makers, respectively. On the other hand, at short-range

This journal is © The Royal Society of Chemistry 2015
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the TiO, NP structure is more ordered due to the presence of
only vibrational Raman active-modes assigned to anatase.

In fact, the oxygen vacancies might be understood as dis-
turbances of the bond lengths (Ti-O) and distortions on the
[TiOg] octahedron ascribed to the displacement of the oxygen
atom position. Thus, as soon as the bulk becomes most dis-
ordered, by increases in the shift of the oxygen atom position,
the oxygen vacancy changes from a neutral state (Vo) to a
slightly polarized state (Vo™ and V™), transforming the highly
ordered and neutral [TiOs]*-[TiOs]" clusters to slightly polar-
ized and disordered [TiOg)|'-[TiOs] clusters.

The distortions and deviations of both bond lengths and
bond angles, between oxygen and titanium atoms on the
cluster makers, increase the structural disorder which is
associated with a specific type of oxygen vacancy. Each oxygen
vacancy changes the concentration of the distorted and
complex clusters [TiOs], [TiO5-Vo'], [TiOs-Vo'] and [TiOs-Ve ']
on the TiO, NP lattice. So, this degree of structural order-dis-
order gives rise to intermediary energy levels (shallow and
deep levels) within the band gap, in which the transitions
between these intermediary energy levels explain the origin of
the PL emissions for this system. The wide band model pro-
posed for PL behavior at room temperature is composed of
three PL sub-bands (blue, green, and orange), once the green
and orange components, assigned to [TiO5-Vo'] and [TiO5-Vo ]
complex clusters, are dominant in the PL behavior. Therefore,
the TiO, NP lattice contains a concentration of the cluster
makers, [TiOsVo'] and [TiOsVo™"], larger than [TiOs] and
[TiO5-Vo"] species.

We believe that these results will be of importance in
understanding and controlling the properties of the TiO,
nanoparticles and that the reported experimental approach
may be used as a tool to better understand the complexity of
the structural defects in the nanostructure system and can be
relevant in addressing the open question of the degree of elec-
tron redistribution in undoped semiconducting oxides.
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