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Abstract
Anatase titania thin films were prepared by hydrothermal assisted sol-gel dip coating at two different hydrothermal
temperatures: 90 °C and 180 °C for 12 h each. Some of the as-deposited films were annealed at 500 °C for 6 h. Both as-
deposited and annealed films consisted of tiny spherical particles. Crystallite size and particle size increased with increased
hydrothermal temperature and annealing. Atomic force microscopy showed that root mean square and average surface
roughness increased with increased hydrothermal temperature and annealing. The prepared films exhibited almost zero
transmittance in the violet-ultraviolet transition region with a gradual rise in the visible region up to a maximum value of
~40% at the near infrared. The transmission decreased for annealed films and as hydrothermal temperature was increased.
Band gap values did not show any significant difference before and after annealing, although they decreased with increased
hydrothermal temperature. Improved crystallinity and greater packing density at higher hydrothermal temperature and
annealing led to a corresponding increase in the refractive index. The intensity of photoluminescence peaks was quenched
when samples were annealed and as the hydrothermal temperature increased, because of annihilation of oxygen vacant states
by the ambient oxygen. Improved crystallinity diminished the number of defect sites in the films, thus reducing the amount of
radiative recombination of the e‒/h+ pair. Annealed samples and those prepared from sols processed at higher hydrothermal
temperature showed better photocatalytic activity. The maximum degradation efficiency of 62.8% was demonstrated by
annealed thin films prepared from sols hydrothermally processed at180 °C after 90 minutes of UV irradiation.
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Highlights
● Anatase TiO2 was obtained in an autoclave at low temperature (90 °C). The phase remained unaltered after annealing at

500 °C and also at elevated hydrothermal synthesis temperature of 180 °C.
● Agglomerated spherical particles were produced with Gaussian type size distribution.
● Higher preparation temperature and annealing quenched the photoluminescence (PL) intensity that eventually increased

efficiency of photo-degradation process.
● Efficient photodegradation was achieved only after 90 minutes of UV irradiation with a very small area thin film

photocatalyst (1.5 cm ⨯ 1 cm).

1 Introduction

TiO2 nanostructured thin films are sometimes preferable
over their bulk counterparts due to enhanced surface to
volume ratio and improved band transition behaviour that
is important for improving the performance in several
applications, particularly the surface-dependent ones. In
this context their morphology, crystal structure, and
stoichiometry are of particular interest since they directly
influence the properties and performances of TiO2 and
thus deposition techniques and post-deposition mod-
ifications are very crucial in ensuring the desired prop-
erties in the films. The deposition process and conditions
used, including deposition temperature and pressure,
substrate, etc, have been reported to be the key features
for controlling the physical properties of the films
obtained [1–4].

Among several chemical routes for deposition of TiO2

films, a simple, inexpensive process to achieve uniform
coating is the dip coating method, which involves dipping
the substrate into the precursor solution and then lifting
and drying to form the thin film. This method is suitable
for simultaneously coating both sides of a large area
substrate at ambient pressure and temperature. Tipparach
et al. [5] observed that dip coated TiO2 thin films calcined
at temperatures lower than 200 °C showed an amorphous
structure and exhibited pure anatase phase when calcined
between 350 °C and 450 °C. Touam et al. [6] observed
nano-structured amorphous TiO2 films by sol-gel dip
coating even after annealing at temperature less than
350 °C. Pedrini et al. [7] prepared anatase titania films
with very low crystallinity (almost amorphous) on soda
lime glass via a two-phase sol-gel dip coating deposition
and used them as photocatalysts for degradation of
methylene blue (MB) dye. After 3 h of UV light exposure,
a maximum degradation of 50% was achieved. Thus,
almost all reports to date on as-deposited TiO2 have
described amorphous films.

Hydrothermal synthesis is a useful method for producing
sols suitable for use in dip coating processes. It is a simple

process that can produce high quality TiO2 nanocrystals. Yin
et al. [8] used hydrothermal synthesis to prepare TiO2 nano-
crystallites starting from amorphous TiO2 aggregates, leading
to the formation of phase-pure anatase TiO2 with a narrow size
distribution. Song et al. [9] synthesized anatase TiO2 film with
clusters of nano-sized particles at an elevated temperature.

Most studies exploring photocatalytic performance have
utilized TiO2 in its bulk form. However, for practical
applications, nanostructured thin films are preferable due to
their easy incorporation in the system and easy withdrawal.
Yu et al. [10] observed the highest photo-degradation rate
constant of TiO2 films (annealed at 700 °C) to be 0.002min−1.
Angulo-Ibanez et al. [11] prepared porous commercial
P25-based thin film photocatalytic windows for CO2

conversion and obtained a maximum of 43% degradation
after 2 h of reaction, corresponding to a kinetic rate of
0.0047 min−1. Shimosako and Sakama [12] coated TiO2

thin films on quartz glass with methyl red (MR) and
irradiated them with UV in vacuum over a very long time
period (up to 140 h). Zheng et al. [13] fabricated silver-
modified nano-structured TiO2 thin films and depending
on the Ag/TiO2 molar ratios they achieved photo-
degradation of 42–65%. Kamal Baba et al. [14]
achieved reasonably good photocatalytic activity for-
anatase TiO2 thin films, but after 40 hours of reaction.
Sreethawong et al. [15] obtained a maximum of 68%
photocatalytic degradation after 5 h of UV irradiation by
varying the P25 content in mesoporous TiO2 thin films.

TiO2 photocatalysis is best observed in its anatase phase.
However, to transform amorphous TiO2 to anatase, tem-
peratures of at least 300‒400 °C are often required. In
general, as-deposited TiO2 films prepared at relatively low
temperature are amorphous in nature. To date, superior
photocatalytic activities of anatase TiO2 is generally
achieved in its bulk form. Only few reports are available
that demonstrate high degradation rate using TiO2 thin films
[16], with much longer reactions times or large area coating
typically being required compared to the bulk counterpart.
The study presented in this communication has been
focused on preparing anatase TiO2 at lower temperature
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with thermal stability to achieve good photocatalytic
activity. The effect of annealing and hydrothermal tem-
perature on the morphological and optical properties was
observed for TiO2 thin films deposited on ITO coated glass
substrate by hydrothermal assisted sol-gel dip coating.
Changes in the photocatalytic activity of the films with
varying deposition and post deposition conditions have also
been demonstrated in this article.

2 Experimental section

2.1 Chemicals

All the chemicals used in this work were of Reagent Grade.
Titanyl sulphate (TiOSO4) was used as the precursor. Other
key chemicals used were ammonia (NH4OH, 3mol L−1) and
hydrogen peroxide (30% H2O2). TiOSO4 and NH4OH were
purchased from Sigma Aldrich and H2O2 was supplied by
Avra Chemicals. ITO coated glass substrates were pur-
chased from Macwin India Pvt. Ltd.

2.2 Synthesis

TiO2 thin films were deposited by dip coating using an
Apex XDip-SV1 dip coater. The sol used for dip coating
was synthesized via a hydrothermal method at two different
temperatures: 90 °C and 180 °C. To prepare the sol, first 5 g
TiOSO4 was dissolved in 100 ml of DI water at ambient
temperature [17]. Next, 2.5 ml ammonium hydroxide
(3mol L‒1) was added, which resulted in the formation of
hydrous titanium oxide [TiO2.xH2O] in the form of a white
precipitate. This precipitate was collected on a filter paper
and washed repeatedly with distilled water to remove excess
NHþ

4 and SO�
4 ions. The washed precipitate was homo-

geneously dispersed in distilled water and sufficient H2O2

(30%) was added under continuous magnetic stirring to
completely disperse the precipitate. After peptization for
20 h, peroxo titanic acid (PTA) sol was obtained. The
resulting sol was placed in a teflon lined stainless steel
autoclave and kept in a hot air oven for 12 h at the desired
temperature (either 90 °C or 180 °C). These final sols were
used to deposit thin films by dip-coating on ITO-coated
glass substrates. This particular substrate was chosen pri-
marily to improve the adhesion of the TiO2 films. It may
also find several applications in device fabrication. Dipping
and lifting speeds were kept constant at 20 mm/min. Before
film deposition, all the substrates were cleaned in an ultra-
sonic bath with acetone and isopropyl alcohol sequentially.
Samples were deposited using 12 coating cycles. After
deposition, the films were first dried at 60 °C for 30 min in a
hot air oven. They were then annealed at 500 °C in a fur-
nace for 6 h. Samples were also kept as-deposited for further

studies. The details of the prepared samples are shown in
Table 1.

2.3 Characterization

Grazing incidence X-ray diffraction (GIXRD) was used to
study the crystallinity and phase identification of the sam-
ples in θ-2θ scanning mode using Bragg-Brentano config-
uration, with the incidence angle kept fixed at 2°. The scan
was run between 10° and 80° 2θ at 0.02° intervals with a
PANalytical X’Pert diffractometer with CuKα1 (λ=
0.154056 nm) radiation.

The surface morphology of the films was studied by FE-
SEM Supra 55 and Dimension ICON Atomic Force
Microscopy (Bruker). For better understanding of the sur-
face topography, a variety of scans were carried out at
random locations on the film surface, keeping the scanned
area constant at 2 μm × 2 μm. The obtained data were
converted into NanoScope Analysis software (Version 1.4)
to analyze different parameters such as the root mean square
roughness (Rq), average roughness (Ra), surface skewness
(Rsk) and kurtosis (Rku).

The absorbance and transmission spectra of the deposited
films were collected using an Agilent Cary 5000 UV-Vis
spectrophotometer. To determine the defect levels in the
synthesized TiO2 films, photoluminescence emission spec-
tra was recorded in the wavelength range 300–600 nm with
an excitation wavelength of 260 nm on a Horiba-2500
Acton fluorescence spectrometer with a 150W Xe lamp.
Refractive indices and the extinction coefficients were also
calculated from the recorded absorbance spectra.

The photocatalytic activities of the prepared thin films
were analyzed by decomposition of aqueous solution of
methylene blue (MB) dye. Initially, 100 ml of an aqueous
1.5 ⨯ 10‒6 M methylene blue was prepared and stirred for
15 minutes. The TiO2 thin films were placed in the solution
with the help of a copper holder and exposed under UV
light. 5 ml of the solution was taken from the total solution
at the regular interval of 15 min until a total duration of
90 min. UV-Vis absorption spectra of the collected solu-
tions were recorded in the range 500–800 nm to evaluate the
degradation rate of the dye with an Ocean Optics HR4000
UV-Vis spectrophotometer and DH‒2000‒BAL light

Table 1 Nanostructured thin films under investigation and their
processing conditions

Sample name Hydrothermal
temperature

Annealing
temperature

Annealing time

TF90-as 90 °C NA NA

TF90-an 90 °C 500 °C 6 h

TF180-as 180 °C NA NA

TF180-an 180 °C 500 °C 6 h
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source with deuterium (25W) and tungsten halogen lamps
(20W) combined in a single light source, which is able to
be operated with stable output within the wavelength range
215–2000 nm.

3 Results and discussion

3.1 Crystal structure

Figure 1 depicts the GIXRD profiles of the TiO2 thin films.
For ease of representation, individual profiles (b)–(d) have
been shifted along the Y-axis. The GIXRD peaks showed
that the anatase phase is formed without any contamination
by other phase of TiO2 in all samples (JCPDS 84-1285). No
other forms of titanium oxides, such as Ti3O5, Ti2O3 and
TiO, were detected and no amorphous background was
evident. Most previous studies found the as-deposited films
to be amorphous and even in some cases, lower temperature
annealing (200–300 °C) did not enhance the crystallinity
[18, 19]. In contrast, in our study we found the films to be
anatase even in the as-deposited conditions, which has been
only rarely reported previously [20].

To obtain more detailed information about the structure
of the coatings, the crystallite sizes were estimated from the
FWHM of the XRD peaks (101), (004), (200), (105), (211),
(204), (116), (220) and (215) using the Scherrer formula:

D ¼ Kλ

βhklcosθ

Here βhkl is the peak width at half of maximum intensity
(FWHM), K= 0.94, λ is the wavelength of the incident
X-ray (0.1542 nm) and D is the crystallite size. Thermal
treatment of the sol increases the crystallite size. For
samples prepared from the 90 °C sol, the crystallite size was
found to be 14 nm and 17 nm for as-deposited and annealed
films, respectively. For samples made from the 180 °C sol,
the values are 17 nm and 18 nm, respectively (Table 2). For
the second case, the higher hydrothermal temperature
introduces larger nanocrystals. Similarly, annealing also
has an effect on crystallization of the films. Crystallite size
increases as a result of relaxation of grain boundaries due to
increased thermal energy.

3.2 Morphological study

Figure 2 shows FESEM top view images of the films,
prepared from both the sols (90 °C and 180 °C). Irrespective
of hydrothermal temperature all the samples were found to
consist of spherical or near-spherical particles. During
hydrothermal processing, the spontaneous nucleation led to
aggregation of crystallites and in our case they agglomer-
ated in spherical or almost spherical shape.

Spherical nanostructures were distributed in a closely
packed manner on the film surface for all the samples. For
the films made from the 180 °C sol, larger particles were
observed. But comparing as-deposited films made from
both sols, it was observed that the agglomerate size
increased when the hydrothermal temperature used for sol
preparation increased or when the samples were annealed.
This variation in agglomerate size of the TiO2 nanoparticles,
as shown in Fig. 4, can be explained on the basis of a
change in reaction rate or increased super-saturation of
reactants due to which a large number of ions are available
for nucleation and which may cause the increment in par-
ticle size. Indeed, the driving force for nucleation and
growth phenomena is super-saturation. For a supersaturated
solution maintaining a particular temperature, particles stop
growing when they achieve a minimum free energy con-
dition and maintain equilibrium with the surroundings.
Therefore, a change in temperature is required as the driving
force of crystallization to recommence the growth process.
Thus, with increased hydrothermal and/or annealing tem-
perature, crystallites and their agglomerates tended to
increase in size via dissolution/re-precipitation processes.

With increasing hydrothermal temperature, the presence of
some small voids was observed in all the samples. These voids
appeared due to the increment in particle size and layered
structure of the films. Our films were made by depositing
several layers of the sol containing TiO2 particles. When
particle sizes were small at lower hydrothermal temperature,
they readily fitted into the interstitial voids of the previous
layer. But for larger particles, the interstitial sites were too
small to accommodate them and the voids remained open.
Consequently, in the samples made from the 180 °C sol, voids
were more prominent in the corresponding FESEM images.
These voids provided additional effective surface area.

Particle size histograms were constructed (Fig. 3) by
calculating the particle sizes from FESEM images for all

Fig. 1 GIXRD profiles of the samples made from 90 °C and 180 °C
sol ‒ (a) 90-as and (b) 90-an (c) 180-as and (d) 180-an
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samples using ImageJ software. For each sample, the dia-
meters of 250 particles were measured using FESEM ima-
ges of different magnifications with the help of the said
software to generate the particle size histograms. The nar-
row and nearly symmetric histogram for the as-prepared
samples made from the 90 °C sol (TF90-as) indicated that
the sizes of the particles (more precisely, particle agglom-
erates) on the film surface were relatively homogeneous in
comparison to the other films. Annealing (sample TF90-an)
increased the width of the histogram, indicating more
scattering in the particle size distribution. The histograms
also shifted towards higher values, revealing that the aver-
age agglomerate size increased from 26 nm to 37 nm for
samples TF90-as and TF90-an. For samples made from the
180 °C sol, this increment was from 57 nm to 72 nm for
samples TF180-as and TF180-an, respectively. Hence, as
hydrothermal temperature increased from 90 °C to 180 °C,
the increment in agglomeration size was almost 30 nm. For
these samples, the width of the histograms were more than
the samples made from the 90 °C sol. Average agglomera-
tion size and average crystallite size (from XRD) are pre-
sented in Fig. 4.

Figure 5 shows the EDAX spectra for TiO2/ITO samples.
Besides Ti and O, these showed evidence of the presence of
C, Si, Au and In. Since we used indium tin oxide coated

glass substrates, the presence of In and Si is expected. Au
was observed due to the gold used to coat the samples prior
to imaging. No additional elements were evident.

3.3 AFM study

The surface morphology and topography of the deposited
films were studied by atomic force microscopy using con-
tact mode. Two-dimensional (2D) and three-dimensional
(3D) AFM images are shown in Fig. 6. The 3D images
show that the surface of the TiO2 films exhibits hills and
valleys. The corresponding 2D images (not shown here)
reveal that the films have nanocrystalline granular mor-
phology and TiO2 particles are uniformly distributed all
over the surface. The films were mainly composed of
spherical particles. The surface roughness of the films
increased when the annealing temperature increases.

The roughness of the prepared samples varies with
hydrothermal temperature. Post-deposition thermal anneal-
ing also affects the film roughness. For samples prepared
from 90 °C sol with 12 coatings, RMS roughness was
observed to be ~47 nm and ~22 nm for annealed and as-
deposited samples, respectively. For the corresponding
samples, Rq increases to ~76 nm and ~34 nm, respectively,
when the hydrothermal temperature is increased to 180 °C.

Table 2 Values of RMS
roughness, Average roughness,
average crystallite size, and band
gap of the prepared thin film
samples

Sample Name Rq in nm Ra in nm Rq/Ra Avg. Crystallite Size (nm) Band Gap (eV)

90 deg-as dep 22 18 1.26 14 3.24

90 deg-annealed 47 37 1.26 17 3.22

180 deg-as dep 34 27 1.27 17 3.13

180 deg-annealed 76 60 1.27 18 3.08

Fig. 2 FESEM top view of
samples (a) TF90-as, (b) TF90-
an, (c) TF180-as and (d) TF180-
an

Journal of Sol-Gel Science and Technology (2022) 102:649–664 653



The values of average roughness, Ra for these samples are
~37 nm, ~17 nm, ~60 nm and ~27 nm, respectively. Sample
roughness (both Ra and Rq) increases after annealing. This
increment might be a result of increased particle size and
improved crystalline nature of the films, as shown by pre-
vious studies [21, 22]. Lin et al. [23] reported that the high
temperature can enhance the migration of grain boundaries
resulting in the coalescence of grains.

If the roughness profile follows a Gaussian distribution,
Ra and Rq are related via:

Rq �
ffiffiffi
π

2

r
Ra � 1:25� Ra

i.e., according to the statistical theory, the ratio of Rq to Ra

should be 1.25, for a Gaussian distribution of surface
particles [24, 25]. Ward [26] noticed that most engineered
surfaces possess approximately a Gaussian height distribu-
tion with Rq/Ra values of up to 1.31. As shown in Table 2,
the values of Rq/Ra for the present samples are reasonably
close to 1.25. This result indicates a Gaussian height
distribution of the film surfaces, at the imaging scale. To
verify this, we obtained surface height histogram from the
AFM images and fitted a Gaussian curve to the envelope of
the histogram which matched very closely (Fig. 7).

Skewness is a dimensionless quantity, which in general is
evaluated as positive or negative values and evaluates the
symmetry of a surface distribution. For negative skewness,
the valleys are dominant over the scanned area, and the peaks
are dominant when it is positive [27]. Our samples are valley
dominant as all of them possess negative skewness values.

Kurtosis is a measure of the sharpness of the roughness
profile of the surface. When the value of Kurtosis (Rku) for a

Fig. 3 Particle size distribution histogram obtained from FESEM top view of samples (a) TF90-as, (b) TF90-an, (c) TF180-as and (d) TF180-an

Fig. 4 Graphical representation of average agglomeration size
obtained from FESEM and average crystallite size (from XRD) of the
samples
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Fig. 5 EDAX spectra of the samples (a) TF90-as, (b) TF90-an, (c) TF180-as and (d) TF180-an

Fig. 6 AFM 3D images showing the surface profiles of (a) TF90-as, (b) TF90-an, (c) TF180-as and (d) TF180-an

Journal of Sol-Gel Science and Technology (2022) 102:649–664 655



surface is below three, it indicates that the scanned area has
relatively fewer high peaks and low valleys, indicative of a
bumpy surface. When Rku is greater than three, the surface
will have higher numbers of high peaks and deep valleys,
characterizing a spiky surface. All of our samples appear to
follow the second case. These values of RMS roughness
and average roughness along with the crystallite size
obtained from XRD studies have been graphically repre-
sented in Fig. 8.

3.4 Optical properties

Figure 9 shows the transmission spectra of the deposited
samples. The spectra of the thin films show a gradual rise
starting at the violet-ultraviolet region from almost no
transmission to a maximum of ~40% at the near-infrared.
This maximum transmittance value was observed for as-
deposited sample made from the 90 °C sol and it decreases
with increased hydrothermal temperature and annealing.
The FESEM images reveal that particle size increases with
annealing and this eventually increase the amount of scat-
tered light. Film uniformity decreased with increased
hydrothermal temperature and also after annealing, thus
enhancing the amount of scattered light. The loss of light

due to scattering and absorbance results in a decrease in the
transmittance. In summary, enhancement of both absor-
bance and scattering loss is the result of increased surface
roughness as indicated by AFM studies. The transmittance
edge slightly shifts towards longer wavelength as a con-
sequence of annealing and higher hydrothermal tempera-
ture. Previous studies suggested that both scattering and
absorption loss increase as a result of increasing surface
roughness [28]. Additionally, at higher hydrothermal tem-
perature, the presence of a large number of oxygen vacan-
cies absorbs the incident light [29, 30] which leads to a
decrease in transmittance.

The optical band gaps (Eg) of the films was calculated
using the Tauc relation:

αhνð Þ1=2¼ const:� hν � Eg
� �

where α is the absorption coefficient. For the as-deposited
film made from the 90 °C sol, the value was found to be
3.24 eV. For the same film annealed at 500 °C, the value
was essentially identical (3.22 eV). For the films made from
the 180 °C sol, the corresponding values are 3.13 eV and
3.08 eV, respectively (Fig. 10). The band gap decreased
when the hydrothermal temperature was increased, but for

Fig. 7 Height histogram from AFM images and their corresponding Gaussian Fit for the samples (a) 90-as (b) 90-an (c) 180-as and (d) 180-an
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the film made from the same sol there is no significant
change in the band gap value. This is due to larger particle
size and thermal stress in the films deposited from sols
processed at higher hydrothermal temperature. The increase
in particle size is clearly observed in the FESEM images. In
a single atom, the optical band gap is equal to the energy
difference between the ground state and the first excited
state. But in bulk systems, both levels are broadened,
forming a band. As particle size increases, broadening of
the bands also becomes greater, decreasing the separation
between the conduction band minima and valence band
maxima, leading to a decrease in the band gap energy.

The average crystallite size increased with annealing tem-
perature, as was clear from the XRD study. When nano-
particles and thin films develop during their processing, the
coalescence of grains and dislocations at the boundaries of two
grains take place. Dislocations may also happen in the crystal
lattice at the film–substrate interface to relieve the strain. The

number of dislocation lines intersecting a unit area in the
crystal is the dislocation density (δ) in the film which is closely
related to the crystallite size (D), δ= n/D2, where n is a con-
stant and for minimum dislocation density n= 1.

Earlier studies inferred that for high dislocation density,
dilation occurs in the atomic spacing, which is an influen-
cing factor for the band gap nature of the materials. If the
dislocation density is high for a certain material, it should
possess higher band gap [31]. The decrease in optical band
gap on annealing and for higher hydrothermal temperature
is consistent with a decrease in dislocation density.

The Urbach Energy values (Eu), which may be used to
quantify the degree of disorder in the band edge of semi-
conductors, were determined for all samples using Urbach’s
empirical rule,

lnα ¼ lnα0 þ hν

Eu

The slope of the linear portion of lnα vs. hν gives us the
Urbach energy values. The calculated values were
275 meV, 218 meV, 306 meV and 251 meV for samples 90-
as, 90-an, 180-as and 180-an, respectively (Fig. 10). Urbach
energy values are slightly larger in the case of samples made
from the higher temperature sol. With increasing hydro-
thermal processing temperature, Urbach energy values
increased, keeping parity with the decrease in band gap.
This indicates that more disordered states are accumulated
near the band edges causing the observed narrowing of
band gap values. But annealing decreased the Urbach
energy values without much alteration in the band gap
values. This is an anomalous situation. Kabir et al. [32] also
noted this trend for Al-doped ZnO thin films. This decre-
ment happened due to annealing-induced increase in crys-
tallinity which was also evident from the XRD studies.
Annealing decreases the Urbach Energy values, consistent
with better crystallinity. This fact has also been supported
by XRD studies [33, 34].

Fig. 10 Graphical representation of variation of Band Gap and Urbach
Energy values of the samples TF90-as, TF90-an, TF180-as and
TF180-an

Fig. 9 Wavelength dependent transmittance spectra of (a) TF90-as, (b)
TF90-an, (c) TF180-as and (d) TF180-an

Fig. 8 Graphical representation of RMS roughness, average roughness
and crystallite style of the thin films TF90-as, TF90-an, TF180-as and
TF180-an obtained from AFM and XRD
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Both the refractive indices and extinction coefficients of
the films decreased with increasing wavelength. The spec-
tral dependence these parameters are shown in Fig. 11. In
the lower wavelength region (i.e. higher incident energy)
due to resonance phenomenon between the incident elec-
tromagnetic radiation and the electron polarization in the
material, coupling of electrons takes place. This leads to
attenuation in the propagation of the electromagnetic wave
through the material. Thus, both refractive index and
extinction coefficient showed higher values at lower
wavelengths. Refractive index values were observed to
increase with an increase in hydrothermal temperature and
also with annealing. This is due to improved packing den-
sity and crystallinity of the films as a result of annealing. As
indicated above, annealing in atmospheric condition also
decreased the number of oxygen vacancies, which would
also be expected to result in an increase in the refractive
index [35]. In addition, the refractive index increase with
annealing temperature is consistent with the Moss rule
which states Egn

4 ∼ constant [36]. Extinction coefficient
also exhibited a similar trend to that of the refractive index.
Increasing film roughness due to thermal treatment results
in more light scattered from the surface. Thus, the extinction
coefficient also increases with annealing. The thin films
showed relatively high refractive indices, which suggests a
potential application as an intermediate layer to enhance the
light extraction efficiency (LEE) of a typical bottom-
emitting organic light emitting diode (OLED).

Figure 12 shows the PL spectra for all the films in the
wavelength range 350 ─ 600 nm, while the deconvoluted
spectra, fitted with appropriate Gaussian functions, are illus-
trate in Fig. 13.Photoluminescence is mostly a surface phe-
nomenon where a change in surface states plays a key role in
the luminescence. As our samples were prepared under
hydrothermal condition, oxygen vacancies and surface
hydroxyl groups are dominant sites for trapping excitons [37].
For all the samples, a band edge transition was observed at

380 nm (3.26 eV, peak 1). Other peaks appeared due to several
types of defect levels mostly related to self-trapped excitons
(STE), surface states and oxygen vacancies [38]. Just below
the excitonic emission, another peak at 398 nm (3.1 eV, peak
2) was observed resulting from the interband electrons trapped
at the deep acceptor level. The 415 nm (2.99 eV, peak 3) and
422 nm (2.95 eV, peak 4) peaks are due to self-trapped exci-
tons that resulted from the charge-transfer transition from Ti3+

to oxygen anions in a TiO8�
6 complex [39, 40]. Zuo et al. [41]

also reported the presence of such a band associated with Ti3+

sites just below the conduction band minima. Theoretical
studies by Justicia and team also supported the presence of
these types of bands [42].

Transitions at 440 nm (2.8 eV, peak 5) are due to STEs
which occur when a Ti3+-3d electron de-excites to the
valence band. The emission bands at 452 nm (2.75 eV, peak
6), 463 nm (2.7 eV, peak 7), and 470 nm (2.64 eV, peak 8)
are also due to STEs. For all samples, they are associated
with transitions involving surface states and occurred due to
the recombination of trapped electrons arising from unsa-
turated bonds on the surface of the TiO2 nanoparticles.
When exposed titanium sites (Ti4+) on the surface of the
thin film are changed into lower valency sites (Ti3+, Ti2+,
and Ti+), localized energy levels are introduced within the
forbidden gap. Oxygen vacancies in the TiO2 lattice gen-
erate F- centres (F0) by capturing an electron pair. One of
the electrons from the electron pair trapped in the oxygen
vacancies can migrate to the adjacent Ti4+ yielding Ti3+ and
Fþ0 centres (oxygen vacancies associated with a single
electron). On further capture of an additional electron Ti3+

turns into Ti2+ with the creation of Fþþ
0 centres.

V0 þ 2e� ! F0
F0 e�ð Þ þ Ti4þ ! Ti3þ þ Fþ0
Fþ0 e�ð Þ þ Ti3þ ! Ti2þ þ Fþþ

0

Ti2þ þ e� ! Tiþ

Fig. 11 Spectral dependence of (a) refractive index and (b) extinction coefficient of samples TF90-as, TF90-an, TF180-as and TF180-an
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These trap states are influential contributors in the
luminescence of TiO2 which give rise to the mentioned
bands in the observed spectra.

Peaks at 485 nm (2.55 eV, peak 9) and 495 nm (2.5 eV,
peak 10) mainly result from the self-trapped excitons and
oxygen vacancies. Due to the self-trapping, excitons lose

energy via lattice relaxation processes and as a result, the
PL peak is observed at higher wavelengths. The 534 nm
(2.35 eV, peak 11) and 544 nm (2.28 eV, peak 12) peaks are
the results of de-excitation from lower vibronic states in
oxygen vacancies to the ground state of the TiO2 lattice.
The emission mechanism has been depicted in the band
diagram in Fig. 14.

For a better comparison of the relative emission inten-
sities with respect to the excitonic emissions, the ratios
Iuv/Iviolet, Iuv/Iblue and Iuv/Igreen were calculated from the
deconvoluted spectra (Fig. 13) for all of the samples.
The calculated intensity ratio values are given in Table 3.
The UV emissions in TiO2 results from band edge and near
band edge emissions. Thus, these relative peak intensities
signify emissions from inter-band defect sites relative to the
UV emissions. For TiO2, the blue emission and a part of the
violet emission signifies surface state emissions and emis-
sions due to self-defects (STEs) as described in the previous
paragraph. With annealing, the IUV/Ivio and IUV/Iblue values
decreased indicating reduced radiative recombination via
the trap states related to violet and blue emissions i.e. via
surface trap and STEs. We can further conclude that
annealing annihilates some of these trap states because of

Fig. 13 Deconvoluted photoluminescence emission spectra of (a) TF90-as, (b) TF90-an, (c) TF180-as and (d) TF180-an

Fig. 12 Photoluminescence emission spectra of (a) TF90-as, (b) TF90-
an, (c) TF180-as and (d) TF180-an

Journal of Sol-Gel Science and Technology (2022) 102:649–664 659



the improvement in crystal structures. Green emissions are
mostly related to oxygen vacancies. Annealing and higher
hydrothermal processing temperature also diminished the
relative intensities of such emissions as ambient oxygen
captured by the vacancies reduced the number of vacant
sites and also the number of radiatively recombined exci-
tons through these sites. The reduction in green emission
intensity is more pronounced than that of violet and blue
emissions.

PL intensity was found to decrease with annealing and
increase with hydrothermal temperature. The quenching of
luminescence intensity can be attributed to elimination of
lattice defects due to annealing. The variation of PL inten-
sity may be due to the change in shallow level defect states
on the TiO2 surface [43, 44]. With annealing and increased
hydrothermal temperature, the significant decrease in PL
intensity indicates the decrease in recombination rates due
to better crystallization.

From XRD data, we observed that crystallite size (and
the particle size as well) increases with an increase in
hydrothermal processing temperature and also annealing
temperature. In general, the density of the surface states
decreases with the increase in grain size and luminescence
intensity decreases with decrease of the density of the sur-
face states. FESEM images of our samples reveal that TiO2

particle size increases with increasing hydrothermal tem-
perature. With bigger particles, the possibility of the pre-
sence of more dangling bonds increases. These bonds act as
centres for non-radiative recombination and quench the PL
intensities. At higher hydrothermal temperature and after

annealing, crystallinity improves, as supported by XRD
data, which is consistent with a reduction in defects in the
samples. This reduction further decreases the intensity of
the PL peaks. Since our samples were annealed in air,
during the annealing process, some of the oxygen vacancy
sites are annihilated by capturing ambient oxygen, thus
resulting in quenching of the PL intensities.

3.5 Photocatalytic activity

The photodegradation of methylene blue dye by TiO2

photocatalysts is a pseudo-first-order reaction where the
photodegradation rate constant (k) can be determined by the
following equation:

ln
Ct

C0
¼ �kt

where C0 and Ct are the initial concentration and the
concentration at time t of the dye solution, respectively,
and k is the first-order rate constant. A plot of lnCt/C0 vs
time represented in Fig. 15 yields a linear nature, the slope
of which upon linear regression determines the first-order
rate constant k. Higher values of k indicate more rapid
degradation.

The degradation rate of the dye is generally expressed as,

Degradation Rate ¼ C0 � Ct

C0

The photocatalytic activities of the prepared samples
were observed to increase as the hydrothermal temperature
increases and also as a result of annealing. For the as-
deposited and annealed samples made from the 180 °C sol,
the degradation of dye was found to be 56.1% and 62.8%,
respectively, after 90 mins. The corresponding values for
samples made from the other sol are 47.9% and 49%,
respectively. Degradation of the dye after 90 min and the
kinetic rate for each sample illustrated in Fig. 15 are given
in Table S1 available in the Supplementary Information.

Enhancement in photocatalytic activity depends on
effective separation of photo-induced e‒─h+ pairs in the dye
material. PL intensities are indicative of the amount of
radiative recombination. For the present case, PL intensity
decreases with annealing and increases in hydrothermal
temperature, suggesting a decrease in recombination of the
e‒/h+ pair. This is consistent with the observed increase in
the degradation rate of methylene blue for these samples.
FESEM images confirm the increase in agglomeration size,
accompanied by the presence of some small voids for
annealed samples and also for samples made with higher
temperature sol. This provides additional effective surface
area and correspondingly more active sites available to
enhance the degradation pathway and thus increase the
degradation rate. This enhancement was also consistent

Table 3 Relative Intensity Ratio Values of UV Emission to different
defect emissions

Sample Iuv/Ivio Iuv/Iblue Iuv/Igreen

TF90-as 2.08 7.40 8.00

TF90-an 2.89 7.64 7.90

TF180-as 1.03 1.10 5.58

TF180-an 0.84 1.24 3.90

Fig. 14 Schematic representation of the band region of the prepared
thin films indicating the probable interband states contributing to the
PL emission
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with the relative peak intensities obtained from PL studies.
Iuv/Iblue values decreased with annealing and higher hydro-
thermal temperature indicating higher number of defect
sites. These defect states work as the trap centre for the
photo-generated electron-hole pairs, restricting e−/h+

recombination. When oxygen vacant states are annihilated
by capturing ambient oxygen, O�

2 super ion species are
created which reduces the recombination of photo-
generated electrons and holes and generates hydroxyl
radicals and peroxide ions [45].

2O�
2 þ 2H2O� 2e� ! 2H2O2 þ O2

O2 þ e� ! O�
2

H2O2 þ e� ! OH� þ �OH

These radicals and peroxide ions play a prominent role
in oxidizing organic materials enhancing the photo-
degradation rates. In the PL emission spectra green
emission is mostly related to oxygen vacancies. Thus,
lower values of Iuv/Igreen in the PL emission spectra indi-
cate the generation of more oxygen vacancies, thus pro-
moting the photocatalytic activity for annealed and higher
temperature samples.

To examine the stability of the photocatalyst we have
repeated the photo-degradation process with each of the
prepared sample twice more and observed that when we use
them for the second time (recycle 1) degradation rate drops
significantly. After a third use, it decreases to around 20%
degradation of the dye after 90 min irradiation, as illustrated
in Fig. 16.

The photo-degradation efficiencies of the reported thin
films are below many of the values reported to date in the
literature. However, most of the superior photo-efficiencies
reported so far are for bulk TiO2. For titania thin films,
achieving a high rate of photo-degradation requires con-
siderably longer reaction times, with several reports being

available in which reaction times of up to 100 h were used.
The area of the photocatalyst thin film is also important. The
films used in this study had a very small area of 1.5 cm ⨯
1 cm, which limited the contact area of the TiO2 particles
with the dye solution. Increasing the available area of the
thin film would be expected to produce better results. Since
the particles are in agglomerated form, it could reduce the
porosity of the catalyst. Thereby access of the dye mole-
cules could be prevented into inter-particle porous surface
and reduce the surface area available for the dye adsorption.
A possible solution is to use stearic acid as capping agent in
the sol-gel method to prevent the agglomeration of small
size nanoparticles due to surface repulsion. When the first
run of the photo-degradation was completed, residual dye
molecules were adsorbed on the surface of the photo-
catalyst. This resulted in a decrease in the available catalyst
surface for generating hydroxyl radicals which reduced the
photocatalytic activity of the catalysts when they were used
repeatedly. In addition, the presence of oxygen vacancies,
which was confirmed from the PL spectroscopy, act as
electron trap sites for charge separation. However, after
several cycles, the oxygen vacancies captured fewer elec-
trons, leading to a high rate of electron-hole recombination.
Hence the photocatalytic efficiency is reduced after several
photocatalysis reactions. The reduction in the efficiency can
also be attributed to the loss of photocatalyst film between
the cycle runs and some refractory intermediates adsorbed
on the surface which are difficult to decompose.

4 Conclusions

Anatase titania thin films were prepared by hydrothermal
assisted sol-gel dip coating. The hydrothermal process to
obtain the sols was carried out at two different temperatures,
viz. 90 °C and 180 °C for 12 h each. For each hydrothermal

Fig. 15 Determination of rate constant of dye degradation using photocatalyst made from (a) 90 °C sol, after first use and two recycles and (b)
180 °C sol, after first use and two recycles
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temperature, selected samples were annealed at 500 °C for
6 h. Anatase TiO2 was obtained without the presence of any
amorphous background at a temperature as low as 90 °C,
even without any post deposition thermal treatment. This is
a highly desirable property of TiO2 thin films, but very
rarely reported to date. Increasing hydrothermal temperature
or imposing annealing treatment did not bring about any
phase change and ended up only in crystallinity improve-
ment with larger crystallite sizes indicating good thermal
stability of the prepared anatase titania films. Besides
crystallite sizes, increasing hydrothermal temperature and
annealing had a significant impact on the nanostructural
morphology of the films, including both the shapes and
sizes of crystallites and agglomerates which directly influ-
enced the surface properties and optical behavior of the thin
films. Both RMS and average surface roughness increased
with increased hydrothermal temperature and annealing,
consistent with the observed increase in agglomerate size.
The thin films maintained a Gaussian particle size dis-
tribution even after increasing hydrothermal temperature
and annealing, emphasizing the good thermal stability of the
films in terms of their phase and surface states. The porous
structures with small spherical particles provide sufficient
surface sites and pathway for a liquid to penetrate. These
can be useful features for their potential use as photoanodes
in dye sensitized solar cells. The indirect optical band gap of
the films has been estimated to be in the range 3.08–3.22 eV
by UV-VIS-NIR spectrophotometry, due to which these
films can serve as a photoanode layer for photovoltaic
devices. The inter-band region of the synthesized nanoparticles
was composed of different levels of defect bands mostly
related to self-trap excitons, surface state emissions and oxy-
gen vacancies. Some of these trap states were annihilated by
thermal treatment due to improvement in crystal structure and
a reduction in the number of oxygen-vacancy-related defects.
Thus, relative PL peak intensities falling in the green region

decreased significantly, whereas this decrease in the case of
violet and blue emission was much less due to the thermal
stability of the nanostructures. Since photocatalysis in metal
oxides is mostly related to green emission, i.e. on oxygen
vacancy states, this phenomenon improved the photo-
catalytic activity of the prepared films as a result of
annealing and increased synthesis temperature. A reduction
in the number of oxygen vacancies that can act as centers
for e‒/h+ recombination promoted effective charge separa-
tion, contributing to better photocatalytic performance. The
degradation of methylene blue dye after 90 minutes of
photo-reaction by the as-deposited photocatalysts improved
from 48% to 56% when the hydrothermal temperature was
raised. A similar improvement from 49% to 63% was also
observed for annealed samples. This degradation efficiency
was obtained with a very small area (1.5 cm ⨯ 1 cm) of
photocatalyst within only 90 minutes.
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