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ARTICLE INFO ABSTRACT

Keywords: We use an ab-initio approach to analyze the structural, electronic band structure, and thermoelectric properties of
Thermoelectric properties titanium dioxide (TiOy in rutile phase), and we then use rutile-TiO, nanoparticles to determine its effects on sol-
Tio . gel-produced polyvinyl alcohol/silicon dioxide (PVA/SiO5) hybrid films. The synthesis of hybrid films involved
'SF(})lle;r;al conductivity the incorporation of 1 % rutile-TiO, nanoparticles in the PVA/SiO, matrix. The thermoelectric properties of the

resulting hybrid films were characterized by Seebeck coefficient measurements, as well as electrical and thermal
conductivities. The synthesis of PVA/SiO2/Nano-TiO; films was accomplished with success. The chemical bonds
have amply demonstrated that the PVA backbone is connected to the (SiO2-TiO3) network. TGA testing indicates
that hybrid films are more resistant to higher temperatures than pure PVA films. SiO5 nanoparticles reveal more
effective loading to improve dielectric characteristics compared to TiO,. The best results are obtained in cases of
mechanical, thermal and electrical insulation when both nanofillers are integrated into the polymer matrix. The
findings show that the thermoelectric performance of PVA/SiO2 hybrid films is improved by the addition of (1
%) rutile-TiOy nanoparticles in the rutile phase. This study provides insights into the potential applications of
rutile-TiO2 nanoparticles in enhancing the thermoelectric properties of hybrid materials and opens up avenues
for further research in this area, and contributes to the growing body of knowledge on enhancing the thermo-
electric properties of materials by incorporating rutile-TiOy nanoparticles into hybrid films synthesized by the
sol-gel method.

1. Introduction

Several researchers have intensively studied the physical and
chemical properties of titanium dioxide TiO; and explored more appli-
cations in various fields. The rutile structure of TiO material is the most
important. Its structure, electronic and optical properties have been
studied experimentally by different methods, and theoretically by
functional theory approaches (DFT). In recent years, research has
focused on developing thermoelectric materials, with enhanced perfor-
mance by incorporating nanomaterials into traditional thermoelectric

* Corresponding author.
E-mail address: fatmimessaoud@yahoo.fr (M. Fatmi).

https://doi.org/10.1016/j.hedp.2024.101122

materials, due to their ability to convert waste heat into useful electrical
energy. One such nanomaterial is titanium dioxide (rutile-TiO2) nano-
particles, which have shown promising results in enhancing the ther-
moelectric properties of various materials. Titanium dioxide rutile-TiOz
nanoparticles [1] is a natural transition metal oxide. Titanium dioxide is
a semiconductor that is more efficient than other materials and has
better stability [2-6]. Titanium dioxide has many applications as a
synthesis of organic compounds [7-10]. Studies have devoted to the
synthesis of various forms of nanomaterials [11-13], designed with
doping [14-17] or composites [18-20]. TiO4 exists naturally in three
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crystalline forms, rutile (tetragonal, space group P4,/mnm), anatase
(tetragonal, space group I4;/amd), brookite (orthorhombic, space group
Pbca) [21-24]. In addition, there is another polymorph TiO; (B)
(monoclinic, space group C2/m), whose rutile is the most thermody-
namically 1.88 eV [25-27]. Acetic acid was used to create anatase
nanoparticles, whereas hydrochloric acid with different dosage was used
to create rutile and brookite nanoparticles. Using the dip coating process
followed by aging treatment to fabricate PVA/SiO,-TiO hybrid fibers
from the hybrid sols. M. Haihong et al. [28], characterized the system by
SEM (scanning electron microscope) measurements and showed that the
system was homogeneous and that the fibers have a diameter of
approximately 50 nm when they reach their maximum spinning length.
According to thermogravimetric analysis (TG) studies, hybrid fibers
exhibit greater heat resistance than pure PVA fibers. The sol-gel method
has emerged as a popular technique for synthesizing hybrid materials,
particularly PVA/SiO hybrid films, due to its simplicity, low cost, and
versatility. The incorporation of rutile-TiO, nanoparticles into PVA/-
SiO4 hybrid films synthesized via the sol-gel method has the potential to
enhance their thermoelectric properties.

We organize the article such that the detail of the ab initio calcula-
tions provided in a large section I. The experimentally calculated results
and discuss them in a large section. In this part; the study aims to
investigate the effect of rutile-TiO, nanoparticles on the thermoelectric
properties of PVA/SiO; hybrid films synthesized by the sol-gel method.
The thermoelectric properties, including the Seebeck coefficient, elec-
trical and thermal conductivities, will be characterized and analyzed to
determine the optimal concentration of rutile-TiO5 nanoparticles in the
hybrid films. Previous studies have shown that rutile-TiO2 nanoparticles
improve the thermoelectric properties of materials, including polymers
and inorganic materials. For example, rutile-TiO2 nanoparticles incor-
porated into poly (3-hexylthiophene) (P3HT) improve its thermoelectric
performance [29]. Likewise, a synthesized TiOy/polyimide composite
film was studied in order to enhance the thermoelectric properties.
Furthermore, the sol-gel method has been widely used for synthesizing
hybrid materials, including PVA/SiO; hybrid films, due to its simplicity
and versatility [30-32]. Improving the thermoelectric properties of
hybrid materials proves useful and crucial by incorporation of TiOy
nanoparticles into hybrid films synthesized by the sol-gel method [30].

2. Experimental
2.1. Materials

The following materials were provided by Sigma-Aldrich: Tetraethyl
orthosilicate (TEOS) (98%, Mw = 208.33 g/mol, d = 0.933 g/ml); hy-
drochloric acid (HCI) (38 %, M = 36.46 g/mol, d = 1.19 g/ml); ethanol
(C2Hs0H) (96 % (v/v) Mw = 46.07 g/mold = 0.789 g/ml); poly (vinyl
alcohol) degree of polymerization= 1800, 98 % hydrolyzed with Mw=
15,000, and TiO in rutile phase with an average particle size of 10-25
nm. All of the trials utilized deionized water (DI). Without any addi-
tional purification, all chemicals and supplies were procured and used
exactly as received. To explore the physical and thermal properties, DSC
and TGA techniques were used.

2.2. Preparation of films

The preparation of films used in this investigation is described in this
section. The PVA film was created by dissolving 5 g of PVA using
magnetic mixing in 100 ml of deionized water (5 %) and heating the
resulting liquid to 80 °C for an hour to get a homogeneous and viscous
consistency. The gel was finally moved to a petri dish and left to solidify
for three days at room temperature. TEOS was dissolved in ethanol,
deionized water, and HCI at a molar ratio of 1:4:1:0.04 to create the
PVA/SiO; film in the same manner as the clean PVA film. The TEOS
solution was combined with a small amount of PVA solution, and the
combination was then agitated for an hour at 60 °C. Following that, the
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fluid was left to rest for three days at room temperature in an incubator.
To make the PVA/SiOy/TiO; film, rutile-TiO, nanoparticles were
introduced to water and magnetically spun for three hours. After that,
sonication was used for an hour in order to stop the nanoparticles from
aggregating. The PVA/SiO2 solution was prepared as previously
described, and then the mixture of rutile-TiO» nanoparticles was added
and mixed under magnetic stirring for an hour before being sonicated
for one hour. The liquid was poured onto a Petri dish and left to solidify
at room temperature for three days. Table 1 summarizes the composition
of the hybrid films.

3. Results and discussion
3.1. Structural properties

We studied the structural behavior of rutile-TiOy nanoparticles in
P45/mnm (N°136) phase using GGA approximation. The atomic posi-
tions of Ti and O are (1/2,1/2,0), (0.6956,0.6956,1/2) respectively. The
WIEN2k code [33,34] fixes all parameters. The initial Brillouin zone has
1000 k-points, and the cutoff parameter was set at Ryr.Kiax= 9, where
Kmax is the largest value of the reciprocal lattice vector of the plane wave
expansion and Ryt is the smallest atomic sphere radius in the unit cell.
Table 2 shows the values of Ryr.Kmax, Rvr (Ti), Ryt (O) and k-points of
TiO4 using Generalized Gradient Approximation (GGA). A better opti-
mization was obtained by changing K-points and Ryr.Kymax. The lattice
parameters corresponding to k-point 3000 and Ryr.Kyax of 9 are
consistent with the experimental values.

The lattice parameters, bulk modulus, and its pressure derivative are
determined using the GGA technique. The crystal structure of the P42/
mnm phase of rutile-TiO2 nanoparticles was visualized in Fig. 1. The
minimum cohesive energy which ensures the compounds stability in the
tetragonal phase under the effect of the volume of TiO, at atmospheric
pressure is shown in Fig. 2.

3.2. Band structure and density of states

The computed band structure of rutile-TiO5 nanoparticles and asso-
ciated density of states (DOS) are shown in Figs. 3-5. For rutile TiOq
nanoparticles the electronic structure was calculated using GGA (PBE).
In the Brillouin zone, we notice that rutile TiO, nanoparticles have a
straight gap of 1.954 eV, which agree with the values reported in liter-
ature 1.78 eV [34] and 1.88 eV [35]). The vertical solid line at 0 eV in
these graphs represents the Fermi level. However, when examining the
partial and total DOSs, it is difficult to see the band crossing. Thus, as
illustrated in Fig. 4, the DOS can be zoomed very nearly to the Fermi
level. DOSs cross the Fermi level, as demonstrated by the zoomed fig-
ures. This is once more congruent with our findings about the band
organization and entirely consistent with P.R. Varadwaj et al. [36].

The electronic states close to the Fermi level are denser, which is
significant to the materials’ excellent thermoelectric properties. We talk
about the Fermi energy electronic structure because thermoelectric
qualities depend on it, because the state density is so near to the Fermi
level, the 3d-Ti and 2p-O states contribute significantly to the valence
band edge, which has a significant impact on the thermoelectric per-
formance of the materials. O-2p states and Ti-3d states, respectively,
make up the valence band’s (VB) top and conduction band’s (CB) bot-
tom. We observe some mingling of the O-2p states with the Ti-d states.
Furthermore, Ti-s PDOS in the valence band region had a clearly smaller
width than O-s did. We provide the partial density of states for each atom
in rutile-TiOy nanoparticles in Fig. 5, using the GGA functional.

3.3. Thermoelectric properties (Seebeck coefficient (SC))
The SC is the most crucial factor in determining how a material reacts

to a temperature differential. In order to enhance a material’s thermo-
electric nature for practical manifestation, the amount of doping or the
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Table 1
Compositions and preparation of PVA/SiO»/TiO, hybrid solutions. P: Neat PVA, PS:PVA/SiO2, PST: PVA/Si02/TiO2 (1wt%).
Sample PVA TEOS Silica TEOS PVA silica: H20/TEOS HCL/TEOS TiO2 Appearance
(Wt%) (Wt%) (W%) (wt%) in Solution (wt%) in the solution PVA ratio in solution (mol) ratio (mol) ratio (g) of the films
P 100 0 0 0 5 0:1 0 0 0 Transparent
PS 60 40 16 3 4.5 1:1.5 1 0.04 0 Transparent
PST 60 40 16 3 4.5 1:1.5 1 0.04 0.5 opaque white
Table 2

Values of Ryr.Kmax, k-point, lattice parameters, volume, bulk modulus, pressure derivative of bulk modulus and minimum energy of rutile-TiO, nanoparticles

(136_P4,/mnm) using GGA.

Ryt Kmax K-point a b c Vo B B’ Eo

9 1000 4651(4.60 [34]) 4651(4.60[34]) 2828(2.96[34]) 433,563 228,411 2151 -4018,0683
2000 4.650 4.650 2.965 432.733 225.49 3.984 -4018.096
3000 4.610 4.610 2.965 431.633 225.50 3.992 -4018.096
4000 4.648 4.648 2.964 432.263 226.30 4.451 -4018.09

9,5 1000 4642 4642 2823 433.563 228.466 2.148 -4018.068
2000 4.373 4.373 3.348 432.286 226.232 4.315 -4018.130
3000 4.648 4.648 2.964 432.278 226.278 4.398 -4018.092
4000 4.373 4.373 3.348 432.274 226.138 4.402 -4018.496

Fig. 1. Rutile-TiO, nanoparticles structure in P4,/mnm.

concentration of carriers in the material are determined by the chemical
potential. The magnitude of the charge carrier concentration that cor-
responds to the chemical potential is, however, determined by the actual
electrical band structure. The SC of rutile-TiO, nanoparticles is plotted
against the chemical potential at 300 K, 600 K and 800 K as shown in
Fig. 6(a). In the p- and n-type areas, the SC values for the examined
chemical are symmetric and near to the Fermi level. It is now understood
that the contribution of the holes in the p-type region of rutile-TiOy
nanoparticles is proportional to that in the n-type region. The n-type
zone’s high SC values show that n-type doping predominates over p-type
doping in these types of materials, even if the p-type region has identical
characteristics of SC values and the chemical favors strong doping. The
computed Seebeck coefficient’s maximum values in the n-type area for
300, 600, and 800 K are 2892, 1592, and 1212 V/K, respectively,
denoting= 0.7, 1, and 1. For the same temperatures in the p-type area,
2826, 1410, and 1047 V/K were observed in Fig. 6.

3.4. Electrical conductivity

In metals, electrons dominate the electrical conductivity, whereas in
semiconductors, electrons and holes contribute to electrical conductiv-
ity. Good conductors have large free carriers which are used in ther-
moelectric materials. In the context of the materials’ ordered electrical
conductivity, we have estimated the electronic structure of the rutile-
TiO, nanoparticles compound. In Fig. 6, electrical conductivity per
relaxation time for materials made of rutile-TiO, nanoparticles are
plotted versus chemical potential, where chemical potential stands in for
doping or the concentration of charge carriers. In spite of the fact that
both p-type and n-type regions with high doping levels have high values,
the figure clearly demonstrates that p-type regions have higher valence
band carrier concentrations than n-type regions. At 300 K, the highest
rutile-TiO, nanoparticles value in the p-type region is 3.82 10%° (ms),
and rutile-TiO; nanoparticles values decrease with increasing
temperature.

3.5. Electronic thermal conductivity

It is possible to compute the overall thermal conductivity of a ma-
terial (k) by adding the thermal conductivities of phonons and con-
duction electrons, or ke and ki, respectively. In a semiconductor,
phonons predominate the thermal conductivity; whereas, in metals, this
contribution is primarily made by electrons or free carriers [37-39]. For
temperatures of 300 K, 600 K, and 800 K, Fig. 6 illustrates the rela-
tionship between chemical potential and electronic thermal conductiv-
ity per relaxation time. In the n-region or the p-region, k- rises with rising
temperature for a constant chemical potential. With a peak value of
around 2.38 10"*W/mKs for 300 K, 5 10**W/mKs for 600 K, and 6.5
10'* W/mKs for 800 K, rutile-TiO, nanoparticles exhibits a greater in-
crease in k/t in this situation. The k/t response for the n-type is
non-significant when compared to the p-type region. The greatest values
in the n-type region are 2.5 10*W/mKs, 4.5 10'*W/mKs, and 5.5
10'W,/mKs for 300 K, 60 K, and 800 K, respectively.

3.6. Power factor (PF)

In comparison to the SC and electrical conductivity, the (PF) is the
most thorough parameter to analyze a material’s thermoelectric per-
formance. It can be expressed mathematically as PF= S%, where S stands
for the SC and C for a particular material’s electrical conductivity. Fig. 6
(e) depicts the chemical potential dependency of the PF for rutile-TiO5
nanoparticles. The PF was measured in 10'°W/cmK?s units. The
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Fig. 3. Electronic band structures of rutile-TiO, nanoparticles inP4,/mnm
using GGA.

chemical potential range between [1.5 eV, 2.5 eV] is where the PF is at
its highest. As a result, the latter range might be viewed as a crucial area
for rutile-TiO5 nanoparticles excellent performance. In all the materials
being studied, the PF for the chemical potential for the p-type area is
close to -0.5eV For 300 K, 600 K, and 800 K, the increase and decline are
strongest for 300 K. Until the chemical potential reaches a value of -0.5
eV, this PF number is still small. The n-type region has greater PF values
than the p-type region, indicating that n-type doping predominates over
p-type doping at all temperatures. The n-type region is obtained with
similar PF values, and the compound favors low doping. The computed
PFpax for rutile-TiO, nanoparticles at its highest value in the n-type
region is 175 10'° W/cmK?s for 800 K, 130 10'° W/emK?s for 600 K and
50 10'° W/cmK?s for 300 K, i.e. when the temperature increases the
PFnax increases at p= 2 eV After falling as, the chemical potential
increased, the PF value in the n-type area becomes negligible at a
chemical potential of 3 eV It is evident that the computed PF rapidly
rises with rising temperature; in addition, PF rises more quickly in n-
type than p-type.

3.7. Thermal properties

DTA measures weight changes as a function of temperature. The
measured weight loss curve provides information on changes in sample
composition and its thermal stability. The thermogravimetric thermo-
grams of composites PVA, PVA/SiO; and VA/SiO,/TiO; samples are
shown in Fig. 7 (a, b).

The thermal degradation of Pure PVA exhibits three significant
weight loss zones, as shown in Fig. 7a [40]. The small initial area occurs
between 224 and 486 °C, with Tp,ax, stepl= 95 °C being the temperature
at which the most weight is lost. This results from both free-floating and
bound water molecules evaporating. A modest (20 %) weight loss is
visible at this time. The elimination of leftover solvent molecules is the
cause of this weight loss [41]. The second zone, with the highest rate of
decomposition, is found between 224 and 486 °C. The estimated 15 %
weight loss is due to the degradation of the (-OH) side group, which
leads to the formation of a polygene at a step 2 temperature of 270 °C. It
is possible to connect the third step, which is seen in the range of 410 to
450 °C with (Tmpax,) step3= 430 °C, to the dissolution of the PVA poly-
mer’s main chain (cleavage of the C—C backbone), which is currently
known as carbonation or so-called carbonation. The penultimate phase
at 600 °C causes a weight loss of 91 %, leaving a final residue of 9 %.
After silica was added to the PVA matrix, the PVA/SiO, membranes’
thermal stability improved. In this example, the PVA/SiO; thermogram
exhibits four weight-loss zones that decrease gradually [42]. The
hydrogen interaction between PVA chains and the silanol ends of the
silica may be what causes the breakdown of the crystalline structure and
the change to a more amorphous state. The DSC sections have already
covered and emphasized this explanation. The initial weight loss is
projected to be 6 %. This is because, at (T = 30, 170 °C) [43], silanol
groups participate in the self-condensation reaction that occurs after the
last solvent molecule is removed. The remaining temperature ranges
where weight loss took place were 170 to 390 °C, 390 to 490 °C, and 490
to 690 °C. The temperatures of 120, 330, 455, and 590 °C, result in the
largest weight loss. The hydroxyl groups are breaking down with other
organic PVA and silica network residues at high temperatures. The ul-
timate residual weight has a residue of 20% overall and ranges from
76.9% to 83.6 % of the total weight. It is expected that including a silica
network into the PVA matrix polymer will improve the films’ thermal
stability. Fig. 7b depicts the TGA curves for PVA/SiO, with 1 % ruti-
le-TiO5 nanoparticles content. After being integrated with the silica
network, tidy PVA’s enhanced heat tolerance was apparent. The TGA
thermograms of PVA/SiO2/TiO5(1 %) exhibit a similar behavior to that
of PVA/SiO; hybrid films with regard to heat deterioration. The quantity
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of final residual weight distinguishes the four main weight loss areas
observed on the thermograms. At a temperature of 700 °C, the sample
PVA/SiO5/TiO (1 %), has a final residual weight of 17.84 % in relation
to the global weight. This suggests that adding 1 % rutile-TiO3 nano-
particles to PVA/SiOy improves its thermal stability. PVA/SiOy nano-
composite films were strengthened with rutile-TiO, nanoparticles to
improve their thermal stability. The temperatures (Tc, Tm) for crystal-
lization and melting in this study were measured using DSC measure-
ments. The four main weight loss zones visible on the thermograms can
be distinguished based on the final residual weight amount is shown in
Figs. 8 (a-c). The curves represent both exothermic and endothermic
reactions. PVA/SiO; exhibits a melting endothermic peak with a drop of
26 °C that is broader, less abrupt, exceedingly weak, and broad than PVA
neat. At 193 °C, which is the melting temperature, PVA shows a
comparatively big and steep melting endothermic peak as shown in
Fig. 8b. The crystallization area (Tc), which is an exothermic peak that is
seen for Neat PVA at a temperature of 112 °C, is not present for PVA/-
SiO,. Other works [44] also found similar discoveries. For instance, Y.
Bin et al. [45] demonstrated this type of behavior in PVA-MWNT and
PVA-VGCF composites. The PVA segments’ endothermic peak gradually
diminished and disappeared for all samples. These results differ from
what is commonly reported in the literature [46]. The broadening of the
peak and decrease in melting temperature show that the inclusion of
silica and TiO, nanoparticles changed the regular structure of PVA
molecules. The thermoelectric properties of the generated hybrid films
were evaluated using tests for thermal and electrical conductivities. To
better comprehend the phenomena of the rutile-TiO, nanoparticles,
which is used in the sol-gel method of synthesis of PVA/SiOy hybrid

films and boosts the thermoelectric properties, an ab-initio investigation
is necessary.

4. Conclusions

At various chemical potentials of rutile-TiOp nanoparticles, we
investigated the effects of functional on the structural, electronic band
structures, and thermoelectric characteristics. The outcome suggests
that chemical potential has a significant impact on these compounds’
thermoelectric properties. This research sought to determine how the
addition of rutile-TiO5 nanoparticles affected the thermoelectric char-
acteristics of sol-gel-produced PVA/SiO5 hybrid films. The study’s
findings demonstrated that adding rutile-TiO5 nanoparticles, at the right
concentration, considerably improved the PVA/SiO, hybrid films’
thermoelectric performance. The unique characteristics of rutile-TiOg
nanoparticles, such as their high electrical conductivity and low heat
conductivity, are responsible for the improved thermoelectric perfor-
mance. These characteristics result in an improvement in the thermo-
electric performance by increasing the Seebeck coefficient and electrical
conductivity, while decreasing the thermal conductivity. This study
contributes to the growing body of knowledge on enhancing the ther-
moelectric properties of materials by incorporating rutile-TiO5 nano-
particles into hybrid films synthesized by the sol-gel method. The results
of this study can potentially pave the way for the development of high-
performance thermoelectric materials for various applications,
including power generation and refrigeration. Further research can
focus on investigating the influence of other factors, such as the size and
shape of rutile-TiO, nanoparticles, on the thermoelectric properties of
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hybrid films. Additionally, the development of hybrid materials with in enhancing the thermoelectric properties of hybrid materials and
enhanced thermoelectric performance can be explored by incorporating opens up avenues for further research in this area.

other nanomaterials into the PVA/SiO, matrix. Overall, this study pro-

vides insights into the potential applications of rutile-TiO5 nanoparticles
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