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ABSTRACT: The catalytic and electro-optical properties of TiO2-
based materials depend on the defectivity of their electronic
structures and in turn on the synthesis conditions. It is however
less clear how to control the number of defects in this oxide. In this
paper, spectroscopic and structural characterization of chemical
[acetylacetonate−TiO2, hybrid gel, hybrid sol−gel titania
(HSGT)] and particulate [inorganic gel, sol−gel titania (SGT)]
TiO2 amorphous gels is presented. HSGT and SGT were thermally
treated at different annealing temperatures and at various times,
obtaining anatase or rutile samples. X-ray diffraction, X-ray
photoelectron spectroscopy (XPS), and terahertz-time domain
spectroscopy (THz-TDS) were exploited for monitoring changes
in the crystallographic structure, chemical composition, and
dielectric function. It is found that the thermal treatment affects in different ways the hybrid and the particulate TiO2 gels,
resulting in an increase of electron transfer in the former. Moreover, XPS combined with X-ray-induced Auger electron spectroscopy
provides evidence that the ionicity of the bond is also different and well correlates with the number of defects. These results
demonstrate that XPS and THz-TDS techniques can be used as complementary tools for determining the electronic properties of
titania with various degrees of crystallinity and defects.

1. INTRODUCTION

Titanium dioxide (TiO2) is an extensively known wide band-
gap semiconductor with enormous potential for both industry
and material science due to its peculiar catalytic and electro-
optical properties.1 Its functionality in a wide range of
applications, such as photocatalysis, environmental remedia-
tion, solar cells, and molecular sensing, can be enhanced by
engineering the defectivity of its electronic structure. In fact,
the presence of intrinsic defects, in particular oxygen vacancies
or reduced Ti sites (Ti3+ with self-doping effect), significantly
affects the charge transport, radiation absorption, and surface
reactivity of TiO2.

2,3 Such defects represent active surface sites
for the interaction with target compounds and reactants and/
or act as electron-trapping sites, improving the photoinduced
charge separation lifetime. Moreover, the nature of TiO2 phase
(amorphous, anatase, rutile, etc.) and therefore the synthesis
methodology play a key role in defining the suitability for
specific applications.
TiO2 with an appropriate distribution of defects can be

obtained by diverse synthetic strategies; among them, the sol−
gel technique is widely used due to its cost effectiveness,
processing simplicity, large-scale production capability, and
versatility.4,5 The sol−gel synthesis of TiO2 particles usually
starts with the hydrolysis of a titanium precursor, giving rise
either to the precipitation of titanium oxo-hydroxide (a
physical gel) or to the formation of chemical gels
(interconnected networks of solid and liquid phases).

Homogeneous gelation produces porous bulk materials with
a finely controlled composition and uniform structure on the
molecular scale. Its achievement requires the modulation of
hydrolysis and condensation rates through the careful choice of
synthesis conditions and the use of complexing organic
molecules.
By this approach, we obtained TiO2 hybrid amorphous

chemical gels [hybrid sol−gel titania (HSGT)] with the
addition of acetylacetone as a complexing ligand during the
synthesis procedure.6−8 The process of drying wet hybrid gels
in air produced xerogels characterized by (i) visible-light
absorption, (ii) some extent of Ti3+-self doping, (iii) an
extraordinary ability to generate and stabilize superoxide
radical anions on their surface, owing to the presence of
acetylacetonate ligands, which promotes the formation of
oxygen vacancies and then the adsorption and reduction of O2,
and (iv) a consequent activity in the degradation of organic
pollutants in water without light irradiation.6−8 The unusual
long-term stabilization of reactive oxygen species on these
amorphous hybrid materials opens perspectives for a broad
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range of applications involving oxidative processes. Further-
more, by drying wet hybrid gels under vacuum and subsequent
thermal treatments in different atmospheres, we obtained
anatase TiO2/C bulk heterostructures showing a remarkable
photocatalytic activity in hydrogen generation.9 All these
peculiar features are strictly related to the organic component
in HSGT and are not observed on particulate amorphous TiO2
gels [sol−gel titania (SGT)] prepared following a similar
procedure but without any additives.
In the structural investigation of TiO2-based materials, X-ray

photoelectron spectroscopy (XPS) was traditionally used for
the identification of defective sites such as reduced
titanium,10,11 defective oxygen,1,10−13 as well as for the analysis
of the electronic structure based on the valence band spectra14

and dopants.15 On the other hand, terahertz-time domain
spectroscopy (THz-TDS) has evolved in recent years into an
excellent tool for the characterization of the electrodynamic
properties of bulk nanometer-sized materials.16,17 By using this
technique, the transient THz electric field propagating inside a
sample is detected in terms of both its amplitude and phase.
The constituent elements of the pulse are directly connected
with the absorption coefficient and the refractive index and in
turn with the effective conductivity and permittivity of the
material, which can be measured with high accuracy. Recently,
several studies exploited THz-TDS to investigate the electron
transport, the optical and conductivity properties of nano-
structured TiO2.

18,19 Nevertheless, only a few reports dealt
with both XPS and THz-TDS for the characterization of metal
oxides,9,20−22 and in those papers, the spectroscopic tools were
used separately in order to address specific questions about the
surface composition and the electrodynamic properties. It is
worth noting that a correlation between the results obtained by
the two techniques was not attempted so far.
Here, for the first time, a thorough analysis of TiO2 was

performed by combining XPS and THz-TDS, aiming to
emphasize the complementarity of these only apparently far
techniques with special attention to surface and electro-optical
properties, following the structural evolution of air-dried
HSGT and SGT xerogels from the amorphous state to anatase
and rutile phases. In addition, a more detailed XPS analysis
involving the so-called chemical state plot23,24 and the
exploitation of X-ray-induced Auger lines25−28 also provides
valuable information on the ionicity and covalency of the
chemical bonds and the dielectric properties of the analyzed
materials. Indeed, following photoemission, the molecular
environment responds to the creation of the core hole and the
energy gain due to this effect, called extra-atomic relaxation
energy, depends on polarization effects. The polarization
energy, related to the extra atomic relaxation energy, would be
larger for more conductive materials than for insulators.

2. EXPERIMENTAL SECTION

2.1. Sol−Gel Synthesis. TiO2 samples were synthesized
by two hydrolytic sol−gel procedures carried out at room
temperature and described in previous works6,7 using
titanium(IV) n-butoxide (97+%), acetylacetone (2,4-pentane-
dione, Hacac) (99+%), 1-propanol (99.80%), and hydrochloric
acid (37 wt %) provided by Sigma-Aldrich.
In the standard sol−gel procedure, a solution of Ti(IV) n-

butoxide and 1-propanol was prepared; then a solution of 0.1
mol/L HCl in bidistilled water and 1-propanol was added to
the first one under stirring, giving molar ratios Ti/1-propanol/

H2O = 1:5:10. The result was the fast formation of a white
particulate gel (SGT, sol−gel titania).
The hybrid sol−gel procedure is distinguished by the

introduction of acetylacetone into the Ti(IV) n-butoxide
solution, with final molar ratios Ti/Hacac/1-propanol/H2O =
1:0.4:5:10. After the addition of the HCl/water/1-propanol
solution, a homogeneous and yellowish albeit transparent gel
was formed in a few minutes (HSGT, hybrid sol−gel titania).
The addition of a suitable amount of acetylacetone, a diketone
acting as chelating ligand for Ti4+ ions, directs the system to a
chemical gel that after drying results in a coarse-grained
xerogel.
After ageing under ambient conditions for 1 day, the wet

gels were dried in a ventilated oven at 50 °C. The dried gels,
indicated as SGT and HSGT, were ground in a mortar prior to
characterization and thermal treatments. Both dried samples
were subjected to thermal treatment in air at different
temperatures and times, in a tubular furnace with 10 °C/min
heating rate. A set of samples was annealed for 1 h at 400, 600,
and 800 °C a second set was annealed at 400 °C for different
times: 1, 3, and 5 h. They are named SGT-x-y and HSGT-x-y,
where x is the treatment temperature (in °C) and y is the
treatment duration (in hours).

2.2. Materials Characterization and Data Processing.
X-ray diffraction (XRD) measurements were performed with a
Philips X’Pert-Pro diffractometer by using monochromatic Cu
Kα radiation (40 mA, 40 kV) with a step width of 0.013° 2θ.
The average size of TiO2 crystallites was evaluated by the
Scherrer’s equation taking the full width at half-maximum of
the most intense diffraction peak. The fraction of amorphous,
anatase, and rutile phases were estimated by the integration of
XRD profiles, considering the area of the diffraction peaks
related to the crystalline phases and that of the broad
amorphous halo.
Field emission scanning electron microscopy (FESEM)

images were acquired by a FEI Nova NanoSEM 450 emission
SEM at an accelerating voltage of 5 kV, equipped with an
Everhart−Thornley detector and a through-lens-detector after
sputter coating of the samples with a thin layer of Au−Pd alloy
for preventing charging of the surface.
X-ray photoelectron spectra were acquired using a PHI

Quantera SXM (ULVAC-PHI, Chanhassen, MN, U.S.A.). The
powders were analyzed using a monochromatic Al Kα source
(hν = 1486.6 eV), and the analyzer was operated in the fixed
analyzer transmission mode. The survey spectra were recorded
setting the pass energy at 280 eV and the step size at 1 eV,
whereas the high-resolution spectra were acquired setting the
pass energy at 69 eV and the step size at 0.05 eV. Periodic
check of the linearity of the binding energy (BE) scale was
performed according to ISO 15472:2010 and the accuracy was
found to be 0.1 eV. The electron neutralizer was used during
the analyses in order to compensate for sample charging and
the BEs were further corrected with reference to aliphatic
carbon taken at 285.0 eV. More information on the data
processing and instrument characteristics are provided else-
where.9

Samples for terahertz spectroscopy were prepared as pellets
using SGT and HSGT sample series finely ground powders.
Because of their fragile nature, to increase the mechanical
strength and for easy handling of the pellets during the
spectroscopic investigation, the powders were pressed in
between two supporting holed paper disks having 0.5 and 1
cm inner and outer diameter. This method allows reducing the
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surface fracturing and gives pellets with relatively homoge-
neous thickness (about 0.2 mm). Prior to the electro-optical
study, the void percentages of each pellet were measured by
evaluating the densities based on the dimensions and mass of
the samples.9,19,20 The relative density of prepared pellets was
estimated based on reported crystallographic densities of
anatase (3.8 g/cm3) and rutile (4.2 g/cm3) TiO2

3 and
assuming 3.0 g/cm3 for the amorphous samples because of
their considerable content of organic components and
adsorbed water (up to 20 and 30 wt % in SGT and HSGT
dried gels, respectively).
A custom-built THz spectrometer driven by a 100 fs

Nd:YAG laser source was used for all measurements.
Photoconductive antennas were employed for THz generation
and detection. Off-axis parabolic metal reflectors were used
along the optical path to collimate and focus the broad THz
frequency range onto the pellets placed concentrically on a
metal iris with 5 mm aperture. Spot size of the THz beam was
measured to be around 3 mm.
A detailed description of the measurement scheme has been

reported elsewhere.29 Basically, the time-dependent pulsed
electric field transmitted through the sample (Es) and through
the free space (Er, reference signal) is acquired separately.
Then, the temporal profiles are converted into the frequency
domain by applying a standard fast Fourier transform
technique, and the material transfer function T(ω) = Es/Er is
derived. T correlates with the signal amplitude and phase
changes due to the absorption and refraction processes in each

sample. The frequency-dependent complex index of refraction
ñ(ω) = n(ω) + ik(ω) is extracted by means of a commercial
software that uses a total variation technique to iteratively
minimize the periodic Fabry−Perot oscillations produced
inside the target.30 This quantity can be directly correlated
with the complex dielectric function ε(̃ω) = ε′(ω) + ε″(ω)
using the given relations: ε′ = n2 − k2 and ε″ = 2nk.

3. RESULTS AND DISCUSSION

3.1. Structural Characterization. Depending on the
addition of acetylacetone as complexing ligand, the products
of the sol−gel synthesis are visibly different, as confirmed by
SEM images: the SGT white samples appear as loosely
aggregated spherical particles with diameter of a few hundred
nm (Figure 1a,b). Conversely, the HSGT xerogel (Figure 1d,e)
is a bulk granular material, yellow-colored because of the
ligand-to-metal charge transfer complex between acetylaceto-
nate and Ti.6 Its particle size can be therefore selected in the
desired range (tens to hundreds of μm) by grinding and
sieving. A thermal treatment at 400 °C for 1 h appears to
enhance the partial aggregation of SGT powders (Figure 1c)
and could cause some fragmentation of HSGT particles
(Figure 1f), but it does not substantially alter the morphology
of the two materials. All samples were analyzed by powder
XRD (Figure S1). The crystalline phase and average crystallite
size estimated from these data are reported in Table 1. Both
gels are amorphous when dried under ambient conditions at
low temperature (lower than 50 °C). Crystallization starts

Figure 1. SEM images at different magnifications of SGT (a,b) and HSGT (d,e) dried gels, and of SGT-400-1 (c) and HSGT-400-1 (f). Scale bar
(a,e,f) 40; (b,c) 5; (d) 500 μm.

Table 1. Annealing Conditions, Crystalline Phase, Average Crystallite Size (Estimated by Scherrer’s Equation), and Fraction of
Amorphous Phase for All Studied TiO2 Samples

sample annealing T (°C) annealing time (h) crystalline phase crystallite size (nm) amorphous phase (%)

SGT amorphous 100
SGT-400-1 400 1 anatase 8 25
SGT-400-3 400 3 anatase 9 23
SGT-400-5 400 5 anatase 9 15
SGT-600-1 600 1 anatase 23 13
SGT-800-1 800 1 rutile (95%) 55

anatase (5%) 43
HSGT amorphous 100
HSGT-400-1 400 1 anatase 9 28
HSGT-400-3 400 3 anatase 9 25
HSGT-400-5 400 5 anatase 12 17
HSGT-600-1 600 1 anatase 30
HSGT-800-1 800 1 rutile 68
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occurring into the anatase phase upon annealing at 400 °C. It
is clearly observed that increasing the annealing time up to 5 h
does not produce a discernible effect on the substantial growth
of the crystals, except for HSGT-400-5. Rather, a longer
thermal treatment fosters the advancement of the crystal-
lization of the residual amorphous phase.
A consistent crystallite growth is observed only at 600 °C,

being faster in HSGT than in SGT samples. At the highest
temperature (800 °C), the anatase-to-rutile transition is
practically complete. Only SGT-800 includes a 5% residual
anatase phase. Both the crystallization of amorphous TiO2 and
the anatase-to-rutile transformation are reported to occur in
wide temperature ranges, mainly depending on the synthesis
method and conditions.5 The presence of point structural
defects, such as vacancies, is known to facilitate the phase
transition, acting as heterogeneous nucleation sites. In HSGT,
a higher concentration of these defects originated from the
removal of the organic component and the larger particle size
may favor the growth of rutile grains.
It is essential to note that the differences between the

properties of the prepared materials are not limited to the dried
samples but persist after thermal treatments that remove
acetylacetonate from HSGT. SGT-400-1 is almost stoichio-
metric TiO2, whereas HSGT-400-1 shows a marked surface
sub-stoichiometry, with a high fraction of reduced Ti, as
evidenced by XPS analysis.7 This result is attributed to the
relatively reducing conditions generated by the release of
organics and adsorbed superoxide radicals from the hybrid
xerogel. The defective structure of HSGT-400-1 is reflected in
its extended visible-light absorption (dark gray coloration) and
its electron paramagnetic resonance (EPR) spectrum recorded
at room temperature, showing a peak assigned to single
electrons trapped in oxygen vacancies (F+ centers), with a
possible contribution from radicals localized on carbon species
derived from the organic ligand.7,9 On the other hand, SGT-
400-1 gives no EPR signal. A longer annealing in air is
supposed to promote surface re-oxidation. In fact, HSGT-400-
3 already shows a lighter gray color and a strongly decreased
intensity of the EPR peak,9 while HSGT-400-5 appears almost
white and EPR-silent, indicating a gradually reduced amount of

point defects, in agreement with XPS data. The same is
observed by heating this hybrid at a higher temperature
(HSGT-600-1): in the presence of O2, vacancies are
compensated and residual carbon impurities are combusted.
Moreover, the marked Ti3+-self doping observed for the
HSGT-400-1 as-prepared sample was not retained after aging
for about 2 years.9 It is evident that the formation and
stabilization of a defective structure starting from the hybrid
gel is allowed in a specific and restricted range of annealing
conditions.

3.2. Surface Characterization. XPS analyses allow
calculating the composition of the samples and upon annealing
almost stoichiometric TiO2 is obtained (Table 2).
The Ti 2p signal for all examined samples exhibits a doublet

due to spin orbit coupling (Figure S2). Following the fitting
strategy proposed elsewhere,7 the components due to Ti(IV),
Ti(III), and Ti sub-oxides are considered for the Ti 2p curve
fitting. In these series of samples, reduced Ti species, whose
signals are expected to be at about 457 and 456 eV, are hardly
detected (aged samples). The BE value of the Ti(IV)
component is given in Table 2 for all samples and for
comparison; data from the ref 7 are also provided.
BE values of Ti 2p3/2 component are typical for Ti-

(IV),7,31−34 and a small shift toward lower values increasing
the temperature and thus the crystallite size is observed for the
HSGT series. A similar shift was observed in iron oxides28 and
ascribed to differences in the ionicity of the metal−oxygen
bonds. Such a difference might also be detected on the Ti
LMM X-ray-induced Auger signals.
In Figure S2, the Ti LMM spectra of the samples analyzed in

this paper and, for comparison, the spectra recorded on the
samples analyzed in ref 7 and on the aged HSGT-400-1
sample9 are shown. It is possible to observe a significant shift of
the peaks toward high kinetic energy (KE) values, increasing
the temperature and thus the crystallites size for both the SGT
and HSGT series, even if more pronounced for the latter. The
combination of photoelectron and X-ray-induced Auger lines
provide useful information for the identification of the
chemical state of the elements. The Auger parameter α′ =
BETi 2p + KETi LMM is calculated for all samples under test and

Table 2. Evaluated O/Ti Atomic Ratio, BE of Ti 2p, KE of X-ray-Induced Auger Signal Ti LMM, Auger Parameter and Extra-
Atomic Relaxation Energy

sample O/Ti Ti 2p3/2 (eV ± 0.1) Ti LMM (eV ± 0.2) BETi 2p + KETi LMM(eV) (eV ± 0.2) ΔRT−am
ea (eV)

SGT7 459.2 (IV) 412.8 872.0 (IV)
457.4 (III) 870.2a (III)

SGT-400-17 459.1 413.4 872.5 0.25
SGT-400-3 2.0 (0.1) 459.1 413.6 872.7 0.35
SGT-400-5 1.9(0.1) 459.0 413.6 872.6 0.3
SGT-600-1 2.0 (0.1) 459.0 413.7 872.7 0.35
SGT-800-1 2.0 (0.1) 459.0 414.0 873.0 0.5
HSGT7 459.0 (IV) 412.9 871.9 (IV) 0

457.1 (III) 870.0 (III)a

HSGT-400-17 459.3 (IV) 413.2 872.5 (IV) 0.3
457.3 (III) 870.5 (III)a

455.8 (sub ox) 869.0 (sub)a

HSGT-400-1 aged9 2.0 (0.1) 458.9 413.9 872.8 0.45
HSGT-400-3 2.0 (0.1) 458.9 413.9 872.8 0.45
HSGT-400-5 1.9 (0.1) 459.0 413.9 872.9 0.5
HSGT-600-1 1.98 (0.1) 459.0 413.7 872.7 0.4
HSGT-800-1 2.0 (0.1) 458.9 414.3 873.2 0.65

aCalculated taking into account the KE of the centroid of Ti LMM line (column Ti LMM).
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for comparison also for samples analyzed in ref 7 and the aged
HSGT-400-1.9 α′ values are reported in Table 2.
The BE of Ti 2p is typical for Ti(IV) leaving no doubts on

the oxidation state of Ti in our samples. However, the
pronounced shift in the KE of Ti LMM provides further
information, especially when combined with the chemical state
plot (Figure 2). The chemical state plot, or Wagner plot,
includes the BE, KE, and α′ information for an element.23

In a chemical state plot, the KE (eV) of the Auger lines for
an element in different compounds is plotted versus the BE of
the photoelectron lines. The points on lines with slope −1
have the same Auger parameter and thus the same chemical
state. The position of the points in the plot can be rationalized
in terms of initial and final state effects. All samples show small
differences in the BE values. The KE values of Ti LMM
increase with the annealing time and temperature, leading to
high values of Auger parameter.
Both the crystallite size and the percentage of crystalline

phases increase with the annealing temperature (Table 1).
According to several authors,28,34,35 size effects may affect
Auger parameter values and the position of the points in the
Wagner plot.
Both the shift in BE (ΔBE) and in KE (ΔKE) values are due

to initial (ΔV) and final (ΔRea) state effects, according to the
equations24

Δ = Δ − ΔV RBE ea (1)

Δ = −Δ + ΔV RKE 3 ea (2)

Among the initial state effects, the formal oxidation state and
the Madelung potential, which affect the orbital energy of the
un-ionized atom before photoemission, have to be consid-
ered.24 Following photoemission, the molecular environment
responds to the creation of the core hole, and the energy gain
due to this effect (ΔRea, extra-atomic relaxation energy)
depends on polarization effects.
The shift in the Auger parameter values depends on the

extra atomic relaxation energy, since

Δα′ = Δ + Δ = ΔRBE KE 2 ea (3)

Both in SGT and HSGT samples, the BE shifts between the
dried samples and the samples annealed at 800 °C are
moderately small; nevertheless a KE shift of 1.0 and 1.3 eV is

observed for the SGT and HSGT series, respectively. This
result is typical for samples in which the initial and final state
effects have similar values. In the following, the contribution of
initial and final state effects on the XPS data is discussed.

3.2.1. Initial State Effects. Initial state effects might be due
to differences in the Madelung potential and in the ionicity of
Ti/O bonds.
Since the higher annealing temperature determines an

increase of the crystallite size, the number of Ti(IV) in the
second coordination shell of Ti in annealed samples increases
with temperature,35 leading to a more positive Madelung
potential than in the dried ones. This change results in the
presence of the data points in the upper part of the Wagner
plot.
As far as the ionicity of the Ti/O bond is concerned, the

lower the KE of Ti LMM, the higher is the ionicity, in
agreement with ref 27; therefore, the Ti/O bonds in SGT and
HSGT dried gels are more ionic than in the annealed samples.
To further substantiate this result, the O KLL spectra are

also considered (Figure S3 and Table S1) since in ref 26 the
energy separation between O KL23L23 and O KL1L23 and the
intensity ratios of those two peaks are related to metal−oxygen
ionicity. In detail, highly ionic oxides such as MgO showed
higher values for the intensity ratio and lower energy
differences than less ionic oxides, such as SiO2. The energy
separation and the intensity ratios are plotted against the
annealing temperature for SGT and HSGT samples in Figure
S4a,b. Since the energy separation increases and the intensity
ratio decreases with annealing time, it is confirmed that the
ionicity of Ti/O bonds decreases, increasing the crystallite size
(samples annealed at higher T) and the different ionicity
affects the Ti Auger parameter values.

3.2.2. Final State Effects. Since the Auger parameter shift,
which is an empirical estimation of the extra-atomic relaxation
energy, depends on the polarizability of the chemical
environment of the core-ionized atom, it also depends on
several physical quantities related to the polarizability, such as
the refractive index and the dielectric constant at the optical
frequencies (ca. 1015 Hz).24

The extra-atomic relaxation energy increases with the
annealing temperature. It is interesting to observe that the
point due to the aged HSGT-400-1 sample falls in the same
position as the data point due to HSGT-400-3, confirming that
the presence of reduced Ti species in HSGT-400-1 determines
differences in the relaxation of the primary core-hole caused by
photoemission and consequently in polarizability of the
ligands. The XPS spectra of the aged sample did not show
the presence of Ti3+, and the sample exhibited the same
chemical state of the one thermally treated at 400 °C for 3 h
(HSGT-400-3). This finding suggests that heat treatment and
aging result in HSGT evolving to a less defective material.
In Table 2, we report the ΔRT−am

ea , defined as the extra-
atomic relaxation energy difference between annealed and
amorphous samples. In Section 3.4, we will show, using a
simple electrostatic model, that ΔRT−am

ea can be related to the
local dielectric constant of both SGT and HSGT series and
linked to the “bulk” dielectric response. This latter quantity will
be retrieved from THz spectroscopy data in the next section,
using a mean field analysis to take into account that samples
are pellets with voids showing a non-Drude type behavior.

3.3. Electro-Optical Properties. The dielectric constant
of a material is strongly influenced by its structural and
morphological characteristics such as the crystallinity degree,

Figure 2. Ti chemical state plot.
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grain size, and porosity. For titanium dioxide, the values of
dielectric constants reported in the literature lie in a large
range,18,36 proving a strong dependence on the processing
conditions and sample inhomogeneity. This stems from the
uncontrolled mix of various phases, self-doping, and defects,37

because of which the extracted dielectric functions (from the
raw data sets) are found to be different than the well-studied
static constants of the anatase and rutile TiO2.

38 Analogous
behavior was reported in many works dealing with samples
investigated under similar conditions.18,19,39,40

The void percentage of sample pellets is evaluated according
to the procedure described in the Experimental Section, giving
the following average filling fractions: for the amorphous and
anatase samples 0.60 (SGT) and 0.65 (HSGT) and for the
rutile samples 0.65 (SGT) and 0.70 (HSGT). Void
percentages show no discernible deviation with the diverse
annealing temperature and duration in the anatase phase,
whereas densification with the increased temperature is found
to be more evident for the rutile phase samples. Moreover,
pellets of HSGT synthesized powders are found to be slightly
denser than those of SGT powders.
We retrieved the dielectric constants of each sample,

considering first the void percentage and then the amorphous
phase percentage (Table 1) under the mean field theory
assumption by using the Landau−Lifshitz−Looyenga mixture
model41

ε ν ε ν ε= +( ) ( ) ( )1/3
1 1

1/3
2 2

1/3
(4)

ε represents the complex permittivity of the mixture, ε1 is the
permittivity of the host medium in which particles of
permittivity ε2 (guest medium) are dispersed, and ν1 and ν2
are the volume fractions of the respective components.
From a first analysis of the data as a function of frequency,

we found that all samples present a dielectric function response
departing from a standard Drude−Smith model.42 Similar
behavior is commonly observed in nanostructured media,
including semiconductors43 and oxides with relatively large
grain boundaries, where charge transport mechanisms are
dominantly affected by interface effects.
Carrier scattering processes at boundaries and local field

effects on charge transport in nanostructured media have been
well studied in the literature. The local depolarization fields
and the charge localization and scattering are reported to be
the main mechanisms determining the macroscopic response
of the charge carriers in an inhomogeneous nanosystem.44 On
a length scale much smaller than the wavelength of the
impinging radiation, where the carrier mean free path is
comparable to the dimensions of the particles, the local field
effects significantly dominate the electronic response of the
system. In other words, stronger charge localization leads to an
altered conductivity response.
A non-Drude type behavior of charge carrier dynamics of

porous media is well studied in the literature, with non-trivial
approaches (semi-quantum models, Monte Carlo simulations,
...) including the intragrain and intergrain transport contribu-
tions and, most importantly, the phononic response.45 As a
matter of fact, we observed a slightly parabolic increase in both
real and imaginary parts of the dielectric function (Figure 3),
which can be naturally explained as the onset of the phonon
modes contribution to this part of the spectrum. Considering
the possible large splitting between the transverse and
longitudinal optical phonon frequencies in TiO2, a classical
harmonic oscillator model can be implemented for extracting

the dielectric constants in a frequency window relatively close
to the resonance frequencies. Therefore, we analyzed the
dielectric response of all samples resorting to a Lorentz single
oscillator description, justified by the close nearness in
frequency with the TiO2 transverse optical (TO) phonon
mode in both the anatase and rutile phases.45 In addition to
the tail of the phonon modes, we assume that the carrier THz
behavior of our polycrystalline samples is dominated by charge
hopping, which can be thoroughly described using a
phenomenological Drude-like response. A similar approach
[Drude−Lorentz (DL) model] has been presented in the past
on both polycrystalline and single crystal rutile samples using a
more general harmonic oscillator model.46 By using the DL
model, the real ε′(ω) and the imaginary ε″(ω) parts of the
dielectric function for a material with a single resonance can be
explicitly expressed as47

ε ω
ω ω ω

ω ω ω γ
′ = +

−

− +
( ) 1

( )

( )
p

2
0

2 2

0
2 2 2 2 2

(5)

ε ω
ω

ω ω ω γ
″ =

γω

− +
( )

( )
p

2

0
2 2 2 2 2

(6)

where ωp is the plasma frequency, ω0 is the phononic
resonance frequency, and γ is the damping factor. We set a
constant value ω0 = 7.85 THz and ω0 = 5.6 THz for the TO
mode in all anatase and rutile samples, respectively,42

regardless of the different synthesis routes and thermal
treatments.
Moreover, starting from the complex dielectric function one

can extract the frequency-dependent real conductivity σ′ using
the expression

σ ω ε ω′ = ωε″( ) ( )0 (7)

where εo is the vacuum permittivity.
Using an in-house minimization program based on the

nonlinear least-squares regression algorithm, we fit the
experimental data extracted from THz measurements (after
accounting for the voids and the mixed-phase percentages as
previously explained) with eqs 5 and 6 and retrieve the DL
coefficients ωp and γ set as free parameters.

Figure 3. Real part of the measured dielectric function as a function of
frequency (log scale). Full and empty square symbols refer to HSGT
and SGT samples, respectively. Red, blue, and black color code is
used for rutile, anatase, and amorphous phases. In the inset, using the
same symbols, the imaginary part of the dielectric function as a
function of frequency (linear scale) is shown. The corresponding DL
oscillator model fits (applied to the polycrystalline samples only) are
shown as solid (real part) and dashed (imaginary part) lines.
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This approach gives a consistent fit of the dielectric function
(real and imaginary part) for all samples, as it is clearly shown
in Figure 3. Data are shown as a function of frequency and
plotted on a semilog scale to better highlight the nearness of
the TO phononic modes. Amorphous samples are excluded by
the fitting procedure and are shown for comparison purpose
only.
Rutile samples show a pronounced oscillating behavior likely

due to the effect of multiple internal reflections produced by
the large impedance mismatch between the sample dielectric
constant and air.
The DL parameters are self consistently extracted by the

nonlinear regression algorithm within a moderate (R2 > 0.5)
coefficient of determination. The values of dielectric constant
obtained from measurements with the retrieved DL parameters
are listed in Table 3. According to eq 1, the error in the
dielectric constant is given by the indetermination in the filling
fraction value and in the amorphous phase percentage reported
in Table 1.

The retrieved real dielectric constant ε′ is consistent for
both anatase and rutile pellets with range of values reported in
the literature on powdered samples.48−50

One can easily observe that, independently of the presence
of acetylacetone, TiO2 powders show an increasing dielectric
response that follows the phase transition, whereas no change
within the estimated error is observed with annealing
temperature and time for samples having the same phase and
belonging to the same sample series. The absence of a
dependence on the annealing temperature, in particular, agrees
with previous observations on thin films.51 Nevertheless,
within the anatase phase, the SGT samples present ε′ values
significantly larger (25%) than the ones retrieved for the
HSGT samples. The opposite is observed in the rutile phase,
where the HSGT-800-1 shows a dielectric value slightly higher
(10%) than the SGT-800-1. This result suggests that the effect
of the acetylacetonate ligand present in the hybrid dried gels is
preserved in the heat-treated samples altering the electro-
optical properties of the anatase polymorph but producing a
minor effect after the phase transition to rutile.
Overall, the slightly larger dielectric functions calculated for

the SGT-anatase than for the HSGT-anatase may also indicate
that different close-lying and flat dispersed bands near the
conducting band edge occur for the anatase polymorph, giving

a stronger polaron effect in SGT samples and leading to a
larger average static dielectric constant. A discernible difference
between the plasma frequency values for the HSGT-anatase
(ωp/2π ≈ 50 THz) and SGT-anatase (ωp/2π ≈ 55 THz)
samples is seen, whereas no significant dependence on the
annealing temperature and time is observed. Rutile phase
samples instead show very similar values for ωp and in line with
what is observed in the anatase phase.
The damping factor γ measures the level of dielectric

phononic absorption in each sample. Not surprisingly, the loss
level remains reasonably constant in the polycrystalline
samples, both in the anatase and rutile phases. Even if the
different crystal phases have different symmetries, close
stacking planes, slip directions, and available interstitial
positions per unit cell,52 all of them likely play no role in the
lattice losses.
The parameters retrieval using the DL model allows us to

estimate the charge carrier density, N ≈ ωp
2ε0m*/e

2. A wide
range of values was reported in the literature for the effective
electron mass m* in the different phases of TiO2. Numbers
vary between 1 and 10 m0 and between 5 and 100 m0 (m0 is
the electron mass) for anatase and rutile, respectively. This
large discrepancy originates from the different sample quality,
and it makes therefore a correct estimation of the carrier
density very elusive. There is however a more general
consensus on a polaronic enhancement of the effective mass
in both phases because of the strong interaction of the carriers
with optical phonons.53 Therefore, to retrieve N, we assume
that m* is constant within samples having the same phase
regardless of the preparation conditions and that the higher the
polaronic character of the electron−phonon interaction, the
larger is the effective mass value. Under these assumptions, we
assigned an effective mass m* = m0 for anatase and m* = 10m0
for rutile.38 It follows that samples having rutile phase (HSGT-
800-1 and SGT-800-1) show N values an order of magnitude
larger with respect to the anatase phase (N ≈ 7 ÷ 8 × 1018 to
be compared with N ≈ 4 ÷ 5 × 1017). The evident increase in
the electron number density is therefore correlated with the
phase transition only.
Reported works on the intrinsic transport properties of

anatase proved that the metallic transition occurs for charge
carrier concentrations ≥1019.38 For both SGT and HSGT
pellets, the yielded N values are far smaller than the metallic
transition condition, confirming the non-degenerate nature of
electrical transport properties that we can reasonably extend to
all anatase samples independently of their annealing temper-
ature. On the contrary, for the rutile samples, the charge carrier
density is close to the transition limit, which is consistent with
the observed increase in the conductivity with the phase
transition from anatase into rutile. This is clearly displayed in
Figure 4, where the real conductivity σ′ values extracted using
eq 7 for polycrystalline pellets are reported in a frequency
decade. For the sake of clarity, data are reported for the
samples annealed for 1 h only. σ′ values for the amorphous
TiO2 are also shown for comparison.
The oscillations observed in the rutile samples once again

reflect the large impedance mismatch in the transmission
measurements at the interface between the sample and air. In
the anatase phase, samples show close values of conductivity,
with only a slight difference in the frequency behavior observed
between SGT and HSGT pellets. This is somewhat surprising
since a significant Ti3+-self doping was observed for HSGT and
HSGT-400-1 samples.7 However, the low stability in air of Ti3+

Table 3. The Values of Dielectric Constant Obtained from
Measurements, ε′, and Extracted from Eq 4, εeff′ , and the DL
Parameters ωp and γ Retrieved from the Fit of the THz
Dielectric Response

sample ε′ εeff′ ωp/2π [THz] γ/2π [THz]

SGT 8.5 21 ± 2
SGT-400-1 15 51 ± 5 55 ± 3 3.1 ± 0.1
SGT-400-3 16 53 ± 5 56 ± 3 3.6 ± 0.1
SGT-400-5 15 46 ± 4 53 ± 2 6.3 ± 0.1
SGT-600-1 16 48 ± 4 54 ± 2 2.1 ± 0.1
SGT-800-1 28 71 ± 5 47 ± 2 2.3 ± 0.1
HSGT 9.5 20 ± 2
HSGT-400-1 15 41 ± 4 50 ± 2 3.3 ± 0.1
HSGT-400-3 15.5 42 ± 4 49 ± 2 4.5 ± 0.1
HSGT-400-5 15.5 40 ± 3 47 ± 2 1.6 ± 0.1
HSGT-600-1 16 38 ± 3 47 ± 2 3.9 ± 0.1
HSGT-800-1 36 78 ± 5 49 ± 2 4.0 ± 0.1
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as well as the possibility that the related oxygen vacancies
defects may easily trap the excess electrons concurs in
explaining the similarity in the transport properties of all
anatase samples. It is worth noting that on the opposite, the
values of electrical conductivity in anatase powders obtained
from HSGT gel dried in vacuum and annealed in different
atmospheres were found to be larger by more than 1 order of
magnitude.45 In that case, the formation of TiO2/C bulk
heterostructures was responsible for the excess charge carriers
producing the observed increase in conductivity, rather than
the presence of Ti3+.
Notably, rutile samples present σ′ values significantly larger

than samples in the anatase phase. This evidence might be
related to the limited amount of self-induced defects or carbon
residuals induced by the acetylacetone present in the starting
gel. Less defects might imply less carrier traps, leading to
conductivity values that in HSGT-800-1 are up to 5 times
greater than the anatase-bearing phases and to a more
pronounced frequency dependence.
Moreover, the HSGT-800-1 pellet shows better conducting

properties when compared with the corresponding SGT-800-1
pellet. A possible explanation might be assigned to the
presence of a small amount of anatase (5%) as secondary
phase in the SGT-800-1 sample. In this mixed phase, defects
are generated at the interface between anatase and rutile, but
they act as carrier trapping sites affecting the charge
migration.54

The increase in σ′ in both HSGT-800-1 and SGT-800-1
agrees with XPS data: samples annealed at 800 °C showed the
highest values for both Ti LMM KE and extra-atomic
relaxation energy. Indeed, Rea is related to the polarization
energy and is larger for conductors than for insulators. Thus,
the trend in conductivity values obtained by THz-TDS is
substantiated by the XPS results.
3.4. Electrostatic Model: “Bulk” Versus “Local”

Dielectric Constant. According to Moretti,24 considering
the Jost cavity model,55 the extra-atomic relaxation energy
depends on the dielectric constant and the relationship is
described by the equation

ε
= −

′
i
k
jjj

y
{
zzzR C

e
r

1
1ea

2

0 (8)

where Rea is expressed in eV and C = 7.2 accounts for all
numerical constants, e = 1 for a core hole state, and r0 is the
radius (in Å) of a spherical cavity centered on the emitting
atom having ε′ as the dielectric constant.
Assuming the same r0 for the SGT and HSGT samples, the

extra-atomic relaxation energy difference between annealed
and amorphous samples retrieved from the XPS data (see
Table 2) can be expressed, using eq 9, as

ε ε
Δ =

′
−

′−
i
k
jjjjj

y
{
zzzzzR tcos

1 1
T am
ea

am T (9)

where εam′ and εT′ are the dielectric constants of the
amorphous and annealed samples, respectively. A similar
method was used in the past to estimate from the difference of
core-level BE shifts the local dielectric constant of different
compounds, including Si,56 AlN, and Al2O3.

57

The Jost cavity model is valid, neglecting the nuclear
relaxation so that one can assume that at optical frequencies
(≈1015 Hz) the dielectric constant equals the square of the
refractive index (ε′ = n2) of the compound.
For a very high dielectric constant material like TiO2 where

n ≫ k, one may assay to use eq 9 in order to have a qualitative
guess on the relationship between local and bulk dielectric
responses even at lattice vibration frequencies (≈1013 Hz). The
linear correlation observed in Figure 5 for ΔRT−am

ea , calculated

by XPS data and plotted versus −
ε ε( )1 1

am T
, calculated from

THz-TDS analysis, shows the validity of this assumption.
Moreover, the data points of the two SGT and HSGT series
fall in lines having different slopes, indicating that some
diversity in the response certainly exists between them, despite
the fact that the crystallite size, the crystalline phase fraction
(Table 1), the chemical state of titanium, and the
stoichiometry (Table 2) are almost identical. The main
difference between the two series is the presence of the
organic ligand in the synthesis procedure that affects the
defectivity of annealed materials even if the organic phase is
removed by the thermal treatment.

Figure 4. Conductivity σ′ for HSGT (filled square symbols) and SGT
(empty square symbols) pellets, under various annealing temperatures
for 1 h. Red, blue, and black color code is used for rutile, anatase, and
amorphous phases, respectively. Dashed curves represent data fits by
applying the DL model to the polycrystalline samples.

Figure 5. Extra-atomic relaxation energy difference (ΔRT−am
ea )

calculated between annealed and amorphous samples from XPS and
X-ray-induced Auger electron spectroscopy data (Table 2) vs
dielectric constant difference from THz-TDS spectroscopy (Table
3) for SGT (red squares) and HSGT (blue circles) samples at
increasing temperatures.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c07568
J. Phys. Chem. C 2020, 124, 23773−23783

23780

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07568?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07568?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07568?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07568?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07568?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07568?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07568?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c07568?fig=fig5&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c07568?ref=pdf


A further clarification on the nature of defects is provided by
a detailed analysis of photoelectron oxygen O 1s peak. Oxygen
peak is multicomponent for all samples, indicating the presence
of O in TiO2 (BE = 530 eV), of a component ascribed to
oxygen deficient regions (BE = 531 eV), and of adsorbed water
(BE = 533 eV) (Figure S5).
If the percentage of the second component is plotted versus

the annealing temperature (Figure 6), it is possible to observe
that its content is always larger in HSGT than in SGT.

Moreover, in HSGT samples it dramatically decreases at 400
°C, increasing the annealing time, with a less pronounced
reduction at 600 and 800 °C. All this points to a larger oxygen
defectivity of such samples with respect to SGT ones, even
after the thermal treatment.
Further confirmation of the presence of oxygen defectivity in

HSGT-400-1 sample is provided by the XPS valence band
region (Figure S6). The shape of the valence band allows
distinguishing between anatase and rutile due to the different
height of the two peaks located at about 5 and 7 eV, ascribed
to O 2p non-bonding and O 2p bonding, respectively. In
HSGT-400-1, at the lower BE side of the O 2p non-bonding
peak, a small peak is detected. According to refs 2 and 13, this
component might be due to partially filled Ti 3d non-bonding
states, typical for Ti3+-bearing titania. In this work, no evidence
of such component is detected in the other samples.
Nevertheless, this neat difference in the defective oxygen

content affects to a lesser extent the dielectric behavior
retrieved using the THz TDS analysis, and it is almost not
observed in the conductivity data, a possible indication that
oxygen deficiency may modify the surface properties of TiO2
chemical (HSGT) or particulate (SGT) gel-derived samples,
without significantly perturbing the “bulk” properties.

4. CONCLUSIONS
A comprehensive study on the structure evolution of TiO2
chemical (HSGT) and particulate (SGT) gels from amorphous
to crystalline phases using XRD, SEM, XPS, and THz-TDS is
presented, aiming to highlight how the different synthetic
conditions lead to materials with different defect concentration
and stability.

The XPS investigation proves that the introduction of the
acetylacetonate ligand in the synthesis procedure increases the
defectivity of annealed materials even after the organic phase is
removed by thermal treatment.
This neat difference in behavior is present to a lesser extent

in the THz dielectric response and conductivity data, a possible
indication that oxygen deficiency may affect the surface
properties of HSGT or SGT gel-derived samples, without
significantly modifying the “bulk” properties. As a matter of
fact, the defective structure is preserved in the heat-treated
samples altering the electro-optical properties of the anatase
polymorph while producing a minor effect after the phase
transition to rutile. However, after the phase transition the
HSGT rutile sample presents conductivity values significantly
larger than samples in the anatase phase. In fact, the thermal
treatment minimizes the effects of the presence of
acetylacetone in the starting gel, reducing the number of
oxygen vacancies or carbon residuals that can act as carrier
charge traps.
It can be concluded that the formation and stabilization of a

defective structure starting from the hybrid gel is mainly
allowed in a specific and restricted range of annealing
conditions.
This combined spectroscopic approach might significantly

aid to enlighten the deep relationships between the
nanostructure and the bulk charge carrier dynamics, which is
fundamental to understand the role of defects in several
applications of metal oxides, including photocatalysis and
optoelectronics.
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