Pramana – J. Phys. (2018) 90:44
https://doi.org/10.1007/s12043-018-1533-1

© Indian Academy of Sciences

Role of hydrothermal temperature on crystallinity,
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Abstract. TiO2 nanoparticles were synthesised by hydrothermal method. The degree of crystallinity and phase
purity were confirmed from the Raman spectra and X-ray diffraction. By increasing the hydrothermal temperature,
crystallinity and AC conductivity of the TiO2 nanoparticles increase. Nitrogen adsorption–desorption measurements
confirmed that the samples were mesoporous with an average pore diameter of 4.4–7.45 nm. Photocatalytic activity
of TiO2 nanoparticles was evaluated and the sample hydrothermally treated at 160◦ C has the highest photocatalytic
activity. In gas sensing measurements, sensitivity increases as a function of concentration and the response to ethanol
vapour was better compared to other gases for the sample synthesised at 160◦ C.
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1. Introduction
Nowadays, much attention has been given to the
preparation of metal oxides such as TiO2 , Fe2 O3 , ZnO
and SnO2 . Among them, TiO2 is a promising material due to its applications in a wide range of fields,
including water splitting [1], gas sensing [2] and photocatalytic degradation [3]. Anatase is one of the three
basic crystalline phases of TiO2 (anatase, rutile and
brookite are the three phases) and is known for its highest photoactivity as a catalyst. Several methods such as
hydrothermal, solvothermal and sol–gel method have
been used for the preparation of TiO2 . In the above
methods, hydrothermal technique has various advantages because the method is simple, cost effective and
nanoparticles can be prepared at very low temperature. Santhosh Singh and Tripathi [4] explained the
first-principle study based on the density functional theory of anatase and rutile phase of TiO2 . They reported
that, among the two phases, anatase has the highest
transmittance value while considering the anisotropic
behaviour. Kangarlou and Abdollahi [5] explained the
ab-initio calculations of thermal properties of titanium

dioxide in a wide range of pressure (0–28 GPa) and
temperature (0–1200 K) using the projector augmented
wave (PAW) method. The values of bulk modulus,
heat capacity at constant volume and constant pressure,
thermal expansion and coefficient of volume thermal
expansion have been calculated based on the Debye–
Slater model and Debye–Grüneisen model using the
Dugdale–MacDonald (DM) approaches. The results
obtained from Debye–Grüneisen model show that this
method can be used to determine the thermodynamic
properties of TiO2 with reasonable accuracy. A dual
layer of dip-coated TiO2 film (top layer) and electrospun polystyrene (bottom layer) was coated on stainless
steel (SS) substrates by Azimirad and Safa [6]. They
explained that, the superhydrophobic coating forms an
obstacle against ionic exchange which slows down the
breaking of surface oxide layer and thus, prevents the
metallic surface underneath from further corrosion. This
approach enables the promising prospect that a variety
of functional hybrid materials with anticorrosion properties will be accessible for widespread marine applications. Gomathi Devi and Kavitha [7] explained TiO2
as the most important catalyst because it is less toxic,
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cheap, preparation with several modifications with various morphologies is easy, has good recycle ability and
superior physicochemical and optoelectronic properties.
In this review, they provide a comprehensive update of
design and fabrication of metallisation on the surface
of TiO2 and highlight some of the advancements made
in the energy and environment applications. Di Li et
al [8] prepared N-doped TiO2 nanocrystals by two-step
method and explained their photocatalytic activity using
Rhodamine B (RhB) as a pollutant with a concentration
of 10 ppm. The photocatalytic studies showed that, the
N-doped TiO2 nanocrystals exhibited higher photocatalytic activity than N-doped P25. Jianxiang Low et al [9]
discussed the photocatalytic CO2 reduction mechanism,
the future research direction and perspective of photocatalytic CO2 reduction control over surface-modified
TiO2 . A review on photocatalytic self-cleaned materials
derived from TiO2 with tunable wettability properties are done by Swagata Banerjee et al [10]. In this
review, various models were postulated to understand
the mechanism for photoinduced hydrophilicity. The
widely accepted mechanism relies on the formation of
surface defects upon UV light illumination. Grabowska
et al [11] reviewed the recent progress in synthesising
TiO2 by various methods and photocatalytic activity
with exposed crystal facets with different morphologies. Girish Kumar and Rao [12] studied the tailoring of
the surface-bulk electronic structure through calibrated
and veritable approaches such as impurity doping,
deposition with noble metals, hydrogenation process
(annealing under hydrogen atmosphere), electronic integration with other semiconductors, modifying with carbon nanostructures, designing with exposed facets and
tailoring with hierarchical morphologies to overcome
their critical drawbacks. A review on the recent progress
in the preparation of {0 0 1}-TiO2 can be explained using
different techniques such as hydrothermal, solvothermal, chemical vapour deposition and sol–gel-based
methods. The enhanced efficiency of {0 0 1}-TiO2 by
modification of carbon materials, surface deposition
of transition metals and non-metal doping is reviewed
by Sajan et al [13]. Xu et al [14] synthesised singlecrystalline anatase TiO2 nanocubes with exposed {1 0
0} and {0 0 1} facets by hydrothermal and calcination
methods. It displays high photoactivity towards CO2
reduction to methane and methanol due to the synergetic
effects of better crystallisation, more negative conduction band position and co-exposed {1 0 0} and {0 0 1}
facets.
Zhang et al [15] prepared TiO2 mesostructures and
explained their photocatalytic activity using RhB and
methyl orange (MeO) (with a concentration of 50 ppm)
as a pollutant. They attained 70% of MeO and 100%
of RhB removal in 300 min using 10 mg of catalyst.
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Charanpahari et al [16] synthesised TiO2 nanoparticles
by polyol method and studied its photocatalytic activity of methyl orange with a concentration of 13 ppm.
They used 0.35 g of catalyst in 125 ml of dye solution
and achieved 13% efficiency in 90 min. Fengping et al
[17] prepared TiO2 nanoparticles using sol-microwave
method which degraded 30% of MeO in 60 min irradiation using 0.1 g of catalyst. Su et al [18] reported
97% of MeO (20 ppm) degradation in 420 min using
0.6 g/l of catalyst. Chen et al [19] reported 20% efficiency in 180 min for RhB with a catalyst amount 80
mg of TiO2 .
In our previous work, phase pure anatase TiO2
nanoparticles were prepared using the hydrothermal
method by varying its hydrothermal temperature and
the removal of Congo red dye was studied under
dark condition [20]. In the present work, the linkage
between the crystallinity, conductivity, surface area,
the rate of photogenerated charge carriers and photocatalytic properties for the azodyes RhB and MeO
to achieve a higher degradation rate is discussed. The
sensing properties of various oxidising and reducing
gases of these TiO2 nanoparticles were also investigated.

2. Experimental details
2.1 Materials used
Titanium (IV) isopropoxide (Sigma Aldrich), ethanol,
glacial acetic acid (Merck), Rhodamine B (95%, HiMedia) and methyl orange (95%, HiMedia) were purchased
and used for the sample preparation. Double-distilled
water was used throughout the experiment.
2.2 Preparation
TiO2 nanoparticles were prepared by hydrothermal
treatment using titanium (IV) isopropoxide as the precursor. To the precursor, ethanol, acetic acid and doubledistilled water were added and stirred for 30 min.
Then the resulting solution was transferred into a 50
ml teflon-lined stainless steel autoclave and hydrothermally treated at 100◦ C in an oven for 24 h. Finally,
the autoclave was cooled to room temperature, the precipitates were centrifuged and washed several times
using double-distilled water. The resulting precipitates
were dried overnight in an oven at 80◦ C and the sample was named as T1 . Similarly, the samples were
hydrothermally treated at different temperatures such
as 120◦ C, 140◦ C, 160◦ C and 180◦ C for 24 h and named
as T2 , T3 , T4 and T5 respectively [20].
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2.3 Characterisation
The phase of the samples was identified by X-ray
diffraction studies using a PANalytical XPERT-PRO Xray diffractometer with monochromatised CuKα (λ =
1.5406 Å) as the incident radiation over the 2θ range
of 10−80◦ . The accelerating voltage and current were
40 kV and 30 mA respectively. The Raman spectra
were recorded using a BRUKER RFS 27: Stand-alone
FT-Raman spectrometer. The surface morphology and
composition of the as-prepared TiO2 nanoparticles
were investigated by high-resolution scanning electron microscope (FEI Quanta FEG 200) equipped with
energy dispersive X-ray spectroscopy (EDX). Transmission electron microscope (TEM) images were obtained
using a Philips CM 200 at an accelerating voltage of
200 kV. The AC conductivity study was done using
SR830 lock-in amplifier in the frequency range of 1 Hz
to 102 kHz. The pelletised sample, each of 0.5 g, was
placed between two copper electrodes. Signal amplitude of 0.1 V was applied and the data were collected
at room temperature. Photoluminescence (PL) spectra
were measured using Cary Eclips EL08083851 Fluorescence Spectrophotometer at room temperature with
an excitation wavelength of 388 nm. The Brunauer–
Emmett–Teller method and Barrett–Joyner–Halenda
method based on nitrogen adsorption and desorption
isotherms with NOVA-1000 Ver 3.70 at 77 K was used
to determine the specific surface area and the pore size
distribution respectively. Prior to the measurement, the
samples were outgassed at 350◦ C for 4 h. RhB and MeO
were chosen as model pollutants for the degradation
studies and the residual concentration of the dye in the
solution was obtained using UV–Vis spectrophotometer
(Techcomp, UV 2301) in the range of 200–900 nm. 500
W xenon source (Wacom XDS 501S) was used for light
irradiation (64,200 lx) and the distance between the light
source and sample was about 47 cm.

3. Results and discussion
3.1 Structural properties
Raman spectra of TiO2 nanoparticles measured in the
frequency range of 50−1000 cm−1 is shown in figure 1.
The peaks observed at 146 cm−1 , 398 cm−1 , 514 cm−1
and 638 cm−1 are assigned to E g , B1g , A1g and E g
modes of anatase TiO2 [21]. The strongest E g mode
at 146 cm−1 belongs to the main anatase vibration
mode. The E g , B1g and A1g modes correspond to
symmetric stretching, symmetric and antisymmetric
bending vibration of O–Ti–O bonds in TiO2 respectively [22]. There is no indication for the presence

Figure 1. FT-Raman spectra of TiO2 nanoparticles measured in the range of 50−1000 cm−1 and the inset shows the
enlarged view of E g mode.

of rutile or any other secondary phases which is
in agreement with the XRD results [20]. A clear
blue-shift from 150 cm−1 to 145 cm−1 with increase
in Raman peak intensity is observed in both the
E g and B1g modes with the increase in hydrothermal temperature. The E g and B1g mode shifts to
a low wavenumber region is related to the formation of ordered crystalline TiO2 nanoparticles during the hydrothermal treatment [23]. The blue-shift
of these modes is also related to the change in the
nature of residual stress in the oxide layer and the
phonon confinement effect [24]. Raman spectra indicate that the intensity is maximum for the sample
synthesised at 160◦ C and then it decreases for further increase in hydrothermal temperature. The increase
in Raman intensity is linked to the increase in the
crystallinity of TiO2 nanoparticles and the sample T4
shows better crystallinity in both XRD [20] and Raman
studies.
Figure 2 displays the HR-SEM images of TiO2
nanoparticles prepared at various hydrothermal temperatures. It is clear that, the shape of the particles is quite
similar to each other and it looks spherical. The distribution of the particle is uniform and the size of the particle
is almost the same, i.e., particle size lies between 13 and
19 nm. The Ti and O peaks can be found in EDX analysis without any other elemental peak indicating that the
pure TiO2 nanoparticles are successfully prepared by
hydrothermal method.
Figure 3a shows the TEM image of the TiO2 nanoparticles prepared at 160◦ C for 24 h (T4 ) in which the
nanoparticles show very similar shapes of rice grains
with monodispersed particles. Additionally, agglomeration is absent in the samples and the images demonstrate
the formation of crystalline TiO2 with a particle size of
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Figure 2. The HR-SEM micrograph of TiO2 nanoparticles of (a) T1 , (b) T2 , (c) T3 , (d) T4 and (e) T5 .

Figure 3. (a) TEM image and (b) SAED pattern of TiO2 nanoparticles of T4 .

about 17 to 19 nm. The size of the TiO2 nanoparticles
obtained from the TEM image is consistent with the
crystallite size observed from the XRD analysis [20].
Thus, the XRD results are corroborated with both SEM

and TEM images. The selected area diffraction pattern
(SAED) of TiO2 nanoparticles is shown in figure 3b.
It shows a lattice fringe which confirms the crystalline
nature of the samples and the circular rings are of anatase
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phase of TiO2 . Interestingly, no signs of diffraction rings
related to other phases are observed. The interplanar
spacings from different rings have been determined to
be 0.355, 0.244, 0.193 and 0.071 nm which correspond
to the (1 0 1), (0 0 4), (2 0 0) and (1 0 5) planes
of TiO2 respectively [25–27]. It is in agreement with
the XRD results. The reflection of (1 0 1) plane is
prominent in the XRD pattern of these nanoparticles
[20].

3.2 Impedance measurement
Figure 4 shows the Nyquist plot and for all the samples
the observed semicircle indicates the single relaxation
process present in these materials.
The decrease in the real part of impedance with
the increase in frequency indicates the increase in the
AC conductivity. The relaxation frequency f o obtained
at the maximum Z  value of the semicircle satisfies
the condition, 2π f o Cb Rb = 1, where Cb is the bulk
capacitance of the material and Rb is the bulk resistance of the material (in ohm). The bulk electrical
conductivity of the sample is obtained from σb =
t/Rb A, where t is the thickness of the sample (in
m) and A is the area of the sample (=πr 2 ) (in m2 ).
The calculated values of Rb , Cb and σb are given in
table 1.
From the table, it is clear that the increase in
hydrothermal temperature decreases the resistance and
it is minimum for T4 . This is in agreement with the
improved crystallinity of T4 as evidenced from both
XRD and Raman spectra.

Figure 4. Nyquist plot of TiO2 nanoparticles of (a) T1 , (b)
T2 , (c) T3 , (d) T4 and (e) T5 .
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Table 1. AC impedance parameters for TiO2 nanoparticles.
Sample

Rb (M )

Cb
(×10−11 )F

σAC
(×10−7 )
−1 m−1

9.6
9.2
9.1
7.1
9

8.29352
11.6656
8.65411
7.47585
8.84642

2.09365
2.11849
2.12929
2.63150
2.37477

T1
T2
T3
T4
T5

3.3 PL spectra
Figure 5 shows the PL spectra of TiO2 nanoparticles
for various hydrothermal temperatures at an excitation
wavelength of 388 nm recorded at room temperature.
The PL spectrum is a tool to investigate the electron–
hole pairs in semiconductor particles as PL emission
followed from the recombination of charge carriers [28].
In addition to that, the PL spectra of anatase TiO2 give
information about the oxygen vacancies and surface
defects [29]. The emission peaks ranging from 440 nm
to 500 nm are due to the surface oxygen vacancies,
impurities, defects [30] and transition of Ti–OH groups
suggesting the existence of hydroxyl groups on the surface of TiO2 nanoparticles [31]. Six emission peaks are
observed in the visible region at 445, 459, 485, 517,
529 and 542 nm. The blue emissions at 445 and 459
are attributed to band edge free excitons [32] and defect
states [33].
The broad band at 485 nm is ascribed to the bound
exciton emission due to the trapping of free excitons
by titanate groups near defects [34]. The bands which
lie between 500 and 550 nm are due to the radiative

Figure 5. The PL spectra of TiO2 nanoparticles for various
hydrothermal temperatures at an excitation wavelength of 388
nm recorded at room temperature.
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recombination of charge carriers of the shallow traps
along oxygen vacancies and Ti4+ adjacent to oxygen
vacancies [35]. The increase in hydrothermal temperature increases the PL intensity upto T4 which means
that the crystallinity (Raman and XRD) [36] and the
photocatalytic activity [37] of TiO2 have to be maximum and then they will decrease with further increase
in hydrothermal temperature. The PL and DRS results
[20] also explain the changes in the band gap of
TiO2 nanoparticles. The increase in photoluminescence
intensity of TiO2 nanoparticles with hydrothermal temperature should be directly proportional to the OH.
radicals produced during photocatalytic degradation.
3.4 Nitrogen adsorption–desorption measurements
The adsorption–desorption isotherm and the corresponding BJH pore diameter distribution curves of the
five samples are shown in figure 6. From figure 6a, it can
be seen that with the increase of pressure the adsorption
also increases. As shown in the figure, all the isothermal
adsorption desorption curves show type-IV isotherms
with H1-type hysteresis loops at a relative pressure range
of 0.55 to 0.95. This clearly indicates that the samples
are mesoporous which is attributed to the aggregation
of TiO2 crystallites in TiO2 nanoparticles [38].

The surface area, average pore diameter and the total
pore volume of TiO2 nanoparticles are given in table 2.
On analysis, it is clear that, the surface area increases
with the increase in hydrothermal temperature up to
160◦ C which shows the influence of hydrothermal temperature on the surface area. A larger surface area
provides more surface active sites for the adsorption of
reactive molecules, which is essential for efficient photocatalytic process. In the present work, the values of
pore diameter range from 4.4 nm to 7.45 nm, and hence
these samples are mesoporous [39]. The mesoporosity is
due to a variety of accumulated pore voids between the
particles [40]. Pore diameter also increases with temperature, which is due to the increase in the crystallite size
of TiO2 nanoparticles. The larger crystallite size, surface
area and larger pore volume of the TiO2 nanoparticles
will increase the transfer of surface charge carriers and
decrease the recombination of electron–hole pairs.
3.5 Photocatalytic degradation
3.5.1 Degradation of RhB dye. RhB was chosen as a
model pollutant with a concentration of 10 ppm and
10 mg of catalyst was dispersed in 50 ml solution.
The solution was magnetically stirred in the dark for
60 min to achieve adsorption–desorption equilibrium

Figure 6. (a) The adsorption–desorption isotherm and (b) the corresponding BJH pore diameter distribution curves of the
five samples.
Table 2. Surface area, total pore volume and average pore diameter of TiO2 nanoparticles.
Sample
T1
T2
T3
T4
T5

Surface area (m2 /g)

Total pore volume (cc/g)

Average pore diameter (nm)

69.1
87.2
89.5
103.2
97.0

0.169
0.174
0.207
0.221
0.217

4.4
6.49
6.55
7.45
6.94
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Figure 7. Degradation of Rhodamine B using TiO2 nanoparticles of (a) T1 , (b) T2 , (c) T3 , (d) T4 and (e) T5 and the inset
shows the pseudofirst- and second-order kinetics.

between the dye and catalyst. Then, it was irradiated
using xenon source and its optical absorbance was
measured for every 30 min. At desired time intervals, 10 ml of the suspension was taken, followed
by centrifugation and filtration to remove the catalyst.
Figure 7 shows the photocatalytic degradation curves

of RhB for TiO2 nanoparticles. The blank (absence
of photocatalyst) experiment was also carried out for
330 min irradiation and only 7% of RhB removal was
observed. From this we conclude that, the catalyst TiO2
nanoparticles are necessary for the photocatalytic activity. The optical absorbance peak of RhB due to the
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chromophoric group of phenylamino is noticed at 554
nm in figure 7. When TiO2 is exposed to near UV
light, electrons in the valence band are excited to the
conduction band leaving behind holes. The excited electrons in the conduction band are in a 3d state and
because of dissimilar parity, the transition probability of e− to the valence band decreases, leading to a
reduction in the electron–hole recombination [41]. The
decolourisation and photodegradation efficiency of the
dye solutions are calculated using the following formula:
Photodegradation efficiency (%)
= (A0 − A)/(A0 ) × 100,

(1)

where A0 and A are the absorbance of dye solution
before irradiation and after time t respectively. It is
evident that the absorption peak intensity decreases
gradually with time and there is a shift in the peak from
554 to 497 nm. The decrease in absorbance is caused
by the destruction of the dye chromogen [42] and the
blue-shift is due to the de-ethylation of RhB [43,44].
It is clear from figure 7 that, the sample T4 shows the
maximum degradation efficiency of 92.5% in 330 min.
When TiO2 nanoparticles are irradiated by light of
energy higher or equal to the band-gap energy, an electron from the valence band is excited to the conduction
band with simultaneous generation of a hole in the
valence band. The schematic diagram is given below:

O−
2 can react with the dye to form other species and are
thus responsible for the decolourisation of both the dyes
[45].
OH− + dye → dyeox
−
→ dyered .
dye + ecb

(5)
(6)

The amount of dye adsorbed onto the adsorbent at
equilibrium (qe ) is calculated using the following equation:
qe = V (C0 − Ce )/m,

(7)

where V is the volume of the solution (ml), C0 and Ce
are the initial and equilibrium concentration (mg l−1 ) of
the dye solution respectively and m is the mass of the
adsorbent used (g). The photodegradation of RhB dye
by TiO2 nanoparticles are analysed using pseudofirstand second-order kinetics.
Pseduofirst-order kinetics: The kinetics of photocatalytic degradation is described using Langmuir–
Hinshelwood model and the equation is expressed as
[46]
r = dC/dt = k(KC/(1 + KC)),

(8)

where r is the rate of degradation (mg/l min), K is
the adsorption coefficient of the organic contaminant
(l/mg), k is the reaction rate constant (min−1 ) and C is
the concentration of the organic contaminant (mg/l) at
time t.
When the concentration is very small, i.e., KC is much
small, then eq. (8) can be given as
r = dC/dt = kKC
r = dC/dt = k1 C.

(9)

Integrating eq. (9) using the boundary condition C = C0
at t = 0,
ln(C0 /Ct ) = k1 t,

−
TiO2 + hν → ecb
+ h+
vb .

(2)

Then the photogenerated holes react with water
molecules to generate the hydroxyl radicals (OH− )
whereas the photogenerated electrons react with O2 to
produce super oxide anion radicals (O−
2 ).
−
+
H2 O + h +
vb → OH + H
−
O2 + ecb

→

O−
2.

(3)
(4)

This reaction prevents the combination of electrons
and holes. During the photocatalytic process, OH− and

(10)

where k1 is the pseudofirst-order rate constant and Ct is
the concentration at time t. The plot of ln(C0 /Ct ) against
irradiation time is shown in figure 7 as an inset and the
first-order rate constant can be obtained from the slope of
the straight line. The degradation efficiency, first-order
kinetic rate constant (k) and regression coefficient (R)
are given in table 3.
From the table it is clear that, the value of k1 for T4
is higher compared to other samples, demonstrating the
higher degradation efficiency of the sample synthesised
at 160◦ C. Since the regression coefficient for sample
T2 is not nearly equal to 1, pseudosecond-order kinetics
was used for sample T2 .
The pseudosecond-order equation based on equilibrium desorption is expressed by the equation [47],
qt = (k2 qe2 t)/(1 + k2 qe t),

(11)
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Table 3. Pseudofirst-order kinetics parameters of TiO2 nanoparticles for the degradation
of RhB and MeO dyes.
Sample degradation efficiency (%)
Rhodamine B
T1
T2
T3
T4
T5

73.5
79.8
80.7
92.5
89.5

Methyl orange
77.7
80.3
83.9
89.4
88.5

First-order kinetics
Rhodamine B
k1 (min−1 )
0.00337 (8)
0.0041 (3)
0.0043 (2)
0.0064 (2)
0.0054 (2)

where qe and qt are the amount of dye adsorbed
at equilibrium and at time t (mg/g) and k2 is the
pseudosecond-order rate constant (g mg−1 min−1 ). The
obtained equation can be rearranged into a linear form
as, t/qt = t/qe + (1/k2 qe2 ). The linear plot of t/qt vs. t
shown in figure 7b (left side as an inset) gives the value of
k2 , qe and R of 4.94 × 10−4 g mg−1 min−1 , 44.86 mg/g
and 0.98844 respectively. Moreover, qe obtained from
the figure (44.86 mg/g) is nearly equal to the experimental value of qe (40.29 mg/g). Thus, it is shown that the
pseudosecond-order fits better for sample T2 compared
to first order for the degradation of RhB using TiO2 as
the catalyst.
3.5.2 Degradation of MeO dye. MeO with a concentration of 5 ppm and 20 mg of catalyst was dispersed
in 50 ml solution. The solution was magnetically
stirred in the dark for 60 min to achieve adsorption–
desorption equilibrium between the dye and the catalyst.
Under dark condition, the absorbance of MeO decreases
slightly (1 h dark spectrum). The blank experiment was
also carried out and only 6% of MeO removal was
observed for 330 min. Thus, photocatalyst and light
irradiation are required for the photocatalytic activity. MeO absorbs the light in both the UV and visible
region with a maximum peak at 463 nm, which is due
to the conjugated structure constructed through an azo
bond. The observed blue-shift from 463 to 444 indicates the delocalisation of lone pair electrons in the azo
group. The peak at 463 nm decreased during irradiation, which shows the decomposition of methyl orange
and decolourisation of the dye solution [48]. The disappearance of 463 nm peak is due to the breakdown
of the chromophores present in the dye. It is clear from
table 3 that, the sample T4 has the maximum removal
efficiency in 330 min and all the other samples have
lesser efficiency. The pseudofirst-order kinetics of MeO
is shown in figure 8 and the regression coefficient of all
the samples are nearly equal to 1 except for T3 and T4 .
So the data obtained are treated using pseudosecondorder kinetic equation for T3 and T4 . It is noted that

R
0.99683
0.97437
0.98633
0.99468
0.9939

Methyl orange
k1 (min−1 )
R
0.0045 (1)
0.0047 (1)
0.0051 (3)
0.0066 (4)
0.0062 (3)

0.99679
0.99803
0.97806
0.97471
0.99201

the pseudosecond-order fits better for the whole irradiation time compared to the first order for the degradation
of MeO but its qe value is much higher than the
experimental value. Hence, it is explained with the
pseudosecond-order non-linear equation plot of qt vs. t
and is shown in figure 8 as an inset. The chi2 and R values
are 0.00253 and 0.9998 for T3 and 0.00022 and 0.99999
for T4 respectively. The degradation activity of TiO2 is
also compared with P25 from Degussa under the same
experimental parameters. The benchmark photocatalyst
P25 degrades nearly 60% of RhB and MeO in 330 min
of irradiation. From the results, it is concluded that
TiO2 photocatalyst prepared by hydrothermal method
exhibits higher photocatalytic activity.
The stability of TiO2 was tested by studying the
structural change (XRD) of the sample after degradation. Figures 9 and 10 show the XRD pattern of TiO2
nanoparticles after degradation of RhB and MeO respectively. It should be noted that only anatase phase X-ray
peaks are present and no rutile or brookite phase is
found in the XRD pattern. All the X-ray diffraction
peaks are matched well with anatase phase of TiO2
and are in agreement with the JCPDS card No. 711167 of TiO2 . Additional peaks are not present after
the degradation activity, but the XRD peak intensities
decrease slightly. It clearly reveals that the crystal structure remains the same after the degradation, but the
crystallinity decreases. The crystallite size (D) of the
synthesised TiO2 nanoparticles is calculated using the
Debye–Scherrer formula,
D = 0.9λ/β cos θ,

(12)

where 0.9 is the Scherrer constant, λ is the wavelength
of the incident X-ray, β is the line broadening at half
the maximum intensity (FWHM) and θ is the Bragg
angle. The crystallite sizes for TiO2 nanoparticles are
given in table 4. Here also the crystallite size increases
with increase in hydrothermal temperature upto T4 and
decreases for the sample T5 .
For good photocatalytic activity, the rate of electron–
hole recombination should be minimised with low
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Figure 8. Degradation of methyl orange using TiO2 nanoparticles of (a) T1 , (b) T2 , (c) T3 , (d) T4 and (e) T5 and the inset
shows the pseudofirst- and second-order nonlinear kinetics.

charge carrier recombination rate, which is usually
observed in higher crystallinity sample [49]. The photocatalytic efficiency and rate constant increase with
hydrothermal temperature which is due to the increase
in surface area and particle size distribution of the sample. Sample T4 shows higher photocatalytic activity for
the degradation of both RhB and MeO. Due to the higher

surface area, the number of electrons reaching the conduction band from the valence band increases, i.e., the
electron density in the conduction band is high. Consequently, the number of holes in the valence band also
increases. Both these electrons and holes interact with
OH− to produce OH radicals. This favours the formation of more OH free radicals, which are the main active
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Figure 10. XRD pattern of TiO2 nanoparticles of (a) T1 , (b)
T2 , (c) T3 , (d) T4 and (e) T5 after degradation of MeO.
Table 4. Crystallite size of TiO2 nanoparticles after degradation of RhB and MeO.
Figure 9. XRD pattern of TiO2 nanoparticles of (a) T1 , (b)
T2 , (c) T3 , (d) T4 and (e) T5 after degradation of RhB.

species in photocatalytic degradation [50]. These results
revealed that high degree of crystallinity (Raman spectra), pure anatase phase, larger crystallite size and high
AC conductivity of sample T4 shows its highest efficiency compared to other samples. A large surface area
may be an important factor in influencing the rate of
photocatalytic degradation process, as a large amount
of adsorbed organic molecules promotes the photocatalytic reaction [51].
The sensitivity of TiO2 nanoparticles for various oxidising (NO2 ) and reducing gases and vapours (CO,
acetone, HCHO, ethanol, ammonia) has been evaluated
at room temperature. The response magnitude for the
oxidising and reducing gases is given as

Sample

Crystallite size (nm)
RhB

T1
T2
T3
T4
T5

8.59
10.22
11.00
13.04
12.89

S = Rair − Rgas /Rair .

MeO
7.90
8.60
10.71
12.84
11.83

(13)

For all gases, the concentrations were varied from 10
to 1000 ppm and the gas sensing properties of sample T4 alone is reported here, as the response of other
samples are poor. Figure 11 shows the sensitivity graph
of various oxidising and reducing gases for sample T4 .
The sensitivity enhances as a function of gas concentration for all gases in the range of 10 to 100 ppm. Above

44
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as a room-temperature gas sensor and the highly active
surface of TiO2 nanoparticles significantly enhances the
sensing properties for ethanol vapour.
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