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KEYWORDS Abstract In the present study, we have used a novel technique to simultaneously enhance the See-
TiOs: beck coefficient and electrical conductivity of Titanium Dioxide (TiO,) nanostructured by grown by
XRD; a simple sol-gel method. X-Ray Diffraction (XRD) data has demonstrated the pure rutile phase of
SEM; TiO, with the planes (110), (101), (200), (111), (210), (211) and (200). It was observed that the
Seebeck coefficient; best crystallinity for samples was achieved at annealing temperature 800 °C. We argue that titanium
Power factor (Ti™*) and oxygen (O~?) atoms get thermal energy due to the high temperature annealing process

and move to their designated places in the crystal structure. Raman spectroscopy measurements
have further confirmed the formation of the rutile phase of TiO, and its atomic vibrations in the
lattice crystal structure. We have observed Raman peaks at 446.98 and 698.8 cm™' with E, and
A, modes of TiO; rutile structure respectively while Scanning Electron Microscope (SEM) images
are also supported the XRD and Raman results as well. Seebeck coefficient and electrical conduc-
tivity have obeyed the increasing trend simultaneously (—286.6 pV/°C and 110 S/cm) and maximum
values were obtained for the sample annealed at 800 °C. The enhancement in the Seebeck coefficient
and electrical conductivity was related to energy filtering effect and demonstrated in the manuscript
with supporting results.
© 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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materials can directly convert the waste heat into electrical
energy. Thermoelectricity is a renewable and non-polluting
technique that is the most efficient candidate for clean energy
production because an electrical current is produced by only
maintaining the temperature gradient (Beretta et al., 2019;
Liu et al., 2013). The high electrical and low thermal conduc-
tivity are necessary for the best thermoelectric conversion effi-
ciency. Therefore, these two parameters are guiding principles
for obtaining a high figure of merit, but are difficult to control
individually because they are proportional to each other.
Hence, different approaches have been employed such as sup-
per lattice structure, nanowire and nanostructure in the litera-
ture so far (Zhou et al., 2019; Mahmood et al., 2019). Due to
its crystal structure, TiO, could be a good candidate for ther-
moelectric power generation applications. The titanium diox-
ide (TiO,) material is already being used widely in several
applications such as gas sensors, optical, membranes and
photo-catalysts due to its non-toxicity, excellent cost perfor-
mance, controllable properties and chemically high stability
(Huang et al., 2009; Chen and Mao, 2007; Cao et al., 2020;
Wang et al., 2020; Ashraf et al., 2020; Yan et al., 2020). It is
accepted fact that oxygen vacancy and some doping impurity
in titanium dioxide are modulated easily resulted in the
enhancement of thermoelectric power factor (Kitagawa
et al., 2010). Furthermore, the porosity in the TiO structure
can be increased by increasing the annealing temperature
(900 °C) because the mesoporous structure facilitates the
enhancement of the Seebeck coefficient and reduced the ther-
mal conductivity (Hong et al., 2013). The stability of titanium
oxide was improved with different isotopes of oxygen atoms
and analyzed the phase’s anatase and rutile (Frank et al.,
2012). For the last few years, several groups were reported
and made to improve the thermoelectric properties of TiO,
with the different phases. The TiO, was reported the highest
ZT value of 1.64 (Okinaka and Akiyama, 2006). The titanium
dioxide is mostly used in three common phases such as rutile,
anatase and brookite, in which anatase and brookite phases
are metastable while the rutile phase is stable under ambient
condition (Matsui and Akaogi, 1991). The large crystal struc-
ture of TiO, has been created the oxygen vacancy which
caused the phonon scattering and also reduced the lattice ther-
mal conductivity. In a nano-sized grains, the phonon scattering
at the nano-grain boundaries which another cause to reduce
the thermal conductivity (Rehman et al., 2019; Mahmood
et al., 2019; Liu et al., 2020). Therefore, the Rutile phase of
TiO; is presumed to acquire high ZT value due to excellent
thermoelectric performance. The Seebeck coefficient and elec-
trical conductivity of different thermoelectric materials are
shown in Table 1. (Okinaka and Akiyama, 2006; Liu et al.,
2017; Kitagawa et al., 2010; Ding et al., 2020; Li et al., 2019).

In this work, the pure Rutile phase of TiO, nanostructure
was synthesized using a sol-gel combustion method and
annealed at different temperatures (600-900) to improve the
crystalline structure. The thermoelectric properties including
the Seebeck coefficient, electrical conductivity and power fac-
tor were also improved with increasing the crystallinity.

2. Experimental section

Ethanol (99%), titanium (IV) butaoxide (97%), nitric acid
(70%) were purchased from Sigma-Aldrich and were used as

Table 1 Comparison of Seebeck coefficient and electrical
conductivity of different thermoelectric material and already
reported value of TiO,.

Material Seebeck Electrical
coefficient conductivity

TiO2 (Okinaka and Akiyama, 1010 pV/K 90 Scm ™!

2006) Highest reported

TiO2 (Liu et al., 2017) 255 uV/K 100 Sem ™!

TiO2 Rutile type (Kitagawa et al., 540 pV/K 31.2 Sem ™!

2010)

MoS2 (Ding et al., 2020) 140 pV/K 40 Scm ™!

MoS2 (Li et al., 2019) 159.4 pV/K  35.7 Sem ™'

starting materials. First of all, we have prepared two solutions.
In 1st solution, we took ethanol, titanium (IV) butaoxide and
distilled water in equal volume ratio (1:1:1) % in glass beaker,
then solution stirred for 30 min, we got highly viscous milky
solution. Then the 2nd solution was prepared using a separate
beaker and the composition of the solution was as; nitric acid
and distilled water with volume ratio (3:1) %. Both solutions
were mixed and stirred at room temperature until the solution
converted into a transparent one. The pH of this solution was
maintained at 5.0-7.0. After stirring at 77 °C for 24 h, we
obtained a white precipitate at the base of the beaker. The
impurities and solvents in the solution were removed by plac-
ing it in the oven for 18 h at 100 °C. The fine powder of TiO,
was achieved by grinding with aged morter for 60 min and
finally fine pallets were prepared using a hydraulic press under
the weight of 12 tones. The pellets were annealed at different
temperatures (600 °C-900 °C). The characterization of synthe-
sized nanoparticles was performed using XRD, Raman spec-
troscopy, SEM and Seebeck system. The manufacturers and
model numbers of all machines were already reported in our
previous papers (Rehman et al., 2019; Mahmood et al.,
2019). The porosity of all samples were measured using ellip-
someter (Gatan L117C, 632.8 nm He—Ne laser).

3. Result and discussion

The X-Ray Diffraction (XRD) pattern in Fig. 1 showed the
high-quality single Rutile phase formation of TiO, at different
annealing temperatures, which, is a more thermodynamically
favorable phase. We have observed seven diffraction peaks
at 20(°) = 27.45°, 36.01°, 39.24°, 41.19°, 44.08°, 54.30° and
56.59° with the planes (110), (101), (200), (111), (210),
(211) and (200) (Liu et al., 2017). The intensity of XRD
diffraction peaks of Rutile phase was found to be increased
as the annealing temperature increased up to 800 °C. The
insert in Fig. 1 demonstrated the shifting of a diffraction peak
towards higher angles by annealing temperatures. Unit cell cal-
culated from XRD data was found to be increased because the
oxygen atoms are diffused into the crystal structure causing an
increase in the unit cell volume (Da Silva et al., 2019). As the
samples were annealed in an open oxygen environment, the
Titanium (Ti) atoms have great ability to capture the oxygen
(O) atoms at the higher annealing temperature. The crystallite
size and peak intensity were increased up to annealing temper-
ature 800 °C and again decreased at annealing temperature
900 °C because more O atoms occupy the interstitial sites
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Fig. 1 X-Ray Diffraction pattern of rutile phase of as

synthesized and annealed TiO, nanostructures grown by sol-gel
method.
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Fig. 2 Response of crystalline size and full width half maxima

with respect to different annealing temperature ranging from 600
to 900 °C.

causing degradation in peak intensity and crystallinity of bulk
Rutile phase of TiO , (Fig. 2) The crystalline size of all pre-
pared sample was calculated using Scherrer formula,

T T T T T
300 450 600 750 9200

Raman Shift (cm™)

Fig. 3 Raman spectrum of pure rutile phase of TiO, nanostruc-
tured measured at different annealing temperatures.

thl =K % /I/ﬁ * COS(G) (1)

In which D, A, K, B and 0 are the crystallite size, x-ray wave-
length (1.54 A), shape factor (0.92), full width half maxima and
diffraction angle, respectively. The dislocation density (3) and
micro-strain (g) was also calculated using these equation

o=1/D? (ii)

e = fx* Cos(0)/4 (iii)

Calculated structural parameters such as FWHM, crys-
talline size, dislocation density and micro-strain are shown in
Table 2.

Further analysis of Rutile phase of TiO, was done using
Raman Spectroscopy. The Rutile phase of TiO, was observed
at 446.98 cm™! and 698.8 cm ™! with Eg and A, modes respec-
tively as shown in Fig. 3. The Raman intensity of E, and A,
modes of Rutile TiO, was first increased and then decreased
when annealing temperature increased from 600 to 900 °C. It
is reported in the literature that these E, and A;, modes of
pure Rutile phases apparently resulted from the 2nd order
phonon action in the Raman spectrum (Swamy, 2008). The
active vibrational modes were contained the motion of oxygen
(O*) anions for the stable central titanium (Ti"?) cations,
either along the c-axis for E, mode and perpendicular to the
c-axis for Aj, mode. In the E, mode, the bending of O-Ti-O
bonds was lie in the (001) plane and caused the opposite
movement of oxygen atom across the bonds. In the A, mode,
the stretching of O-Ti-O bonds was lie in the (110) plane and

Table 2 Calculated structural parameters of TiO, measured at different annealing temperatures.

Sample Porosity (%) 26 (°) Intensity FWHM (°) Crystalline Size (nm)  Disl°Cation Density ~ Micro-Strain
(I.D) (a.u.) (®) (e)
Un-annealed  12.8 + 0.1 2725 £ 02 108 £ 1 1.1294 + 0.01  7.3954 £ 0.1 0.018284 0.004789
600 °C 142 £ 0.1 2737 £ 02 144 £ 1 03189 £ 0.01  26.1932 £+ 0.1 0.001458 0.001352
700 °C 18.6 £ 0.1 2739 £ 02 331 £ 1 0.1473 £ 0.01  56.6992 £ 0.1 0.000311 0.000625
800 °C 20.1 + 0.1 2745 £ 02 519 £ 1 0.0861 £ 0.01 97.0531 £ 0.1 0.000106 0.000365
900 °C 17.5 £ 0.1 2743 £ 02 352 £ 1 0.1485 £ 0.01  56.2574 £ 0.1 0.000316 0.00063
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Fig. 4

(a, b, ¢ and d): SEM micrographs of TiO, samples annealed 600, 700, 800 and 900 °C respectively.
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Fig. 5 Effect of annealing temperature on the Seebeck coeffi-
cient of TiO; calculated at different measurement temperatures.

caused the opposite movement of oxygen atom in the adjusting
bonds (Zhang et al., 2013). (see Table 3).

The Rutile phase composition and surface morphology of
TiO, at different annealing temperatures were analyzed using
SEM. Fig. 4 (a)-(d) depicts the surface images of TiO, which
was annealed at 600 °C-900 °C in open oxygen environment.
It can be seen that the density and grain size of titanium oxide
increased with increasing the annealing temperature. It is fur-
ther noted that the grain growth was incomplete at oxidation
temperature 600—700 °C while the best surface morphology
was observed for the sample annealed at 800 °C which has
mesoporous structure. As we further increased the annealing
temperature, more oxygen atoms were diffused and cause sur-
face more compact and non-uniform.

Fig. 5 exhibits the effect of annealing temperature on the
Seebeck coefficient of TiO, rutile phase nanostructures
measured at different annealing temperatures. The calculated
values of the Seebeck coefficient for the TiO, rutile phase are
negative, which demonstrating their n-type electrical

Table 3 Effect of annealing temperature at different measured temperatures on thermoelectric properties of rutile phase TiO,.
Sample 25 °C 50 °C 75 °C 100 °C

pv/eC  Sjem Wm 'K 2 pv/C  S/em Wm 'K? pV/°C  Sfem Wm 'K? pV/°C  Slem Wm ! K2
600 °C  —67.8 9 4.13E-6 —1358 28 S5.16E-5 —168.7 47 1.33E—4 —198.7 65 2.56E—4
700 °C —88.01 17 1.31E-5 —1459 37 7.87E-5 —-176.9 53 1.65E—4 —-216.6 78 3.66E—4
800 °C  —108.3 26 3.05E-5 —167.6 45 1.26E—4 —-2069 72 3.08E—4 —286.6 99 8.13E—4
900 °C —78.24 27 1.65E—5 —142.8 47 9.55E-5 —164.9 78 2.12E—4 —189.8 110 3.96E—4
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120 9 S/em to 110 S/cm with increasing the temperature from
600 °C to 900 °C due to the higher mobility of carriers. As
—~ 100k explained in the previous section that annealing temperature
§ increases the porosity of TiO, which allows the high mobile
@ carriers to pass through only and contributed to the enhance-
2 8or ment of electrical conductivity (AminorroayaYamini et al.,
% 2014). Furthermore, the electrical conductivity trend with
3 ool increasing the post-growth annealing can also be explained
5 as: more oxygen defects acquired additional electronic state
© in the energy bandgap of the TiO, rutile phase resulted in
.§ 4or higher resistivity (AminorroayaYamini et al., 2014; Mikami
'g and Ozaki, 2012; Harada et al., 2010). The power factor

i 9ol -/—_——. (PF) was calculated using equation,
PF=Sxg (iv)
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Fig. 6 The graph of annealing temperature versus electrical
conductivity of TiO, nanostructures.

conductivity (Rehman et al., 2019). The value of the Seebeck
coefficient was increased from —67.8 pV/°C to —286.6 nVv/°C
with increasing the annealing temperature 600-800 °C. The
observation of our results can be explained as: the increasing
annealing temperature was created the porosity in structure.
It was found that the highest porosity was achieved for the
sample annealed at 800 °C. This mesoporous structure may
act secondary which causes an energy filtering effect. The
energy filtering effect stops the low energy carriers at the inter-
face of secondary phases and causes an enhancement both in
Seebeck coefficient and electrical conductivity simultaneously
(Jung and Park, 2006; Li et al., 2013). Therefore, the highest
observed value of the Seebeck coefficient and electrical con-
ductivity for sample annealed at 800 °C is understandable
because this sample associated the highest porosity.

In Fig. 6, exhibits the temperature effect on the electrical
conductivity of nanostructured titanium dioxide grown by a
sol-gel method. The electrical conductivity was enhanced from
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Fig. 7 The graph demonstrated the effect of annealing temper-
ature on the power factor of TiO,.

In which S is the Seebeck coefficient and o is the electrical
conductivity.

The power factor of TiO, was calculated using the Seebeck
coefficient and electrical conductivity values and demonstrated
in Fig. 7. Again, the highest value of power factor (8.13 x 10™
Wm~' K™2) was achieved for the sample annealed at 800 °C.
The quantum confinement is improved the density function,
this function mostly predicted to enhance the power factor
(Ali et al., 2019).

4. Conclusion

We have reported the growth of TiO, nanostructures using
simple and cost-effective sol-gel technique. The effect of
post-growth annealing on the structural, electrical and thermo-
electric properties has been demonstrated as well. XRD and
Raman spectroscopy measurements confirmed the rutile phase
of as-synthesized TiO, nanostructure and this phase improved
with annealing temperature. Seebeck data suggested that TiO,
sample annealed at 800 °C, has the best thermoelectric proper-
ties as compared to other samples.
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